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ABSTRACT 
 
Chemical pesticides are widely used around the world, but at the same time, they 
may pose direct or indirect risks to many non-target organisms. Recent increased use of 
insecticides in coastal areas to control invasive species raises concern that insecticides 
may affect ecologically and/or commercially important species found in estuaries. 
In this study, a series of laboratory experiments was conducted to evaluate short-
term (lethal) and long-term (sub-lethal) effects of fipronil and imidacloprid on juveniles 
of brown shrimp and white shrimp. Various concentrations of fipronil and imidacloprid 
in each experiment were used. The concentrations were determined based on previously 
observed concentrations in the aquatic environment by other researchers. In the first 
experiment, five nominal concentrations of fipronil (0.1, 1.0, 3.0, 6.4, and 10.0 μg/L) 
were used; whereas, in the second and third experiments, lower concentrations of 
fipronil (0.005, 0.01, 0.1, 1.0, and 3.0 μg/L) and five nominal concentrations of 
imidacloprid (0.5, 1.0, 15.0, 34.5, 320.0 μg/L) were used.  
The endpoints of the studies were survivorship, the nominal median lethal 
concentration (LC50), the nominal median lethal time (LT50), development (weight gain 
and inter-molt intervals), behavioral and physical changes, and whole-body chemical 
composition. The main results were as following: 
(1) Both insecticides affected brown shrimp and white shrimp growth, survival, 
body composition, body color, and behavior in a concentration-dependent manner; (2) 
Brown shrimp juveniles were more sensitive to fipronil exposure than white shrimp, 
 iii 
 
with 96-hour LC50 = 0.12 μg/L, which makes brown shrimp one of the most sensitive 
invertebrates to fipronil studied so far; (3) Under their environmental concentrations, 
fipronil showed higher impact on juvenile brown shrimp compared with imidacloprid; 
(4) Fipronil and imidacloprid caused noticeable sub-lethal effects to brown shrimp and 
white shrimp at concentrations lower than their chronic levels in the aquatic life 
benchmark of the U.S. EPA.   
Our results suggest that monitoring of fipronil and imidacloprid should be 
recommended in estuaries and other areas along the coast near the locations where either 
fipronil or imidacloprid is used. In addition, it is of importance to reduce the usage of 
these insecticides especially during the seasons of penaeid shrimp migration to inshore 
annual nursery areas. Revising the acute and chronic levels of the U.S. EPA aquatic life 
benchmarks for fipronil and imidacloprid is also recommended to improve the health of 
estuaries and increase the abundance of shrimp populations in the Gulf of Mexico 
region.  
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CHAPTER I  
INTRODUCTION  
 
This dissertation research complemented many recent studies that highlighted the 
risks of pesticides on aquatic organisms. The objective of the research was to determine 
the lethal and sub-lethal effects of the insecticides fipronil (5-amino-1-[2, 6-dichloro4-
4(trifluoromethyl) phenyl]-4[(trifluoromethyl) sulfinyl]-1H- pyrazole-3-carbonitrile) and 
imidacloprid (1-[(6-Chloro-3-pyridinyl)methyl]-N-nitro-2-imidazolidinimine) on brown 
shrimp Farfantepenaeus aztecus and white shrimp Litopenaeus setiferus under the 
concentrations previously found in the environment. This objective was addressed 
through a series of laboratory experiments to evaluate the effects of fipronil and 
imidacloprid on survivorship, growth, inter-molt intervals, body chemical composition, 
and behavioral changes of juvenile shrimp.  
 
1.1. Background 
Pesticides are poisons designed to control various insects, weeds, and other pests. 
Pesticides protect human health, property, crops, and domestic animals, and they can 
also protect our drinking water from contamination caused by algae and other hazardous 
organisms (Stevenson et al., 1997; Opsahl, 2012). However, these chemical compounds  
            
This dissertation follows the style of Environmental Pollution. 
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can also be an environmental hazard, adversely affecting non-target organisms (Boran et 
al., 2007). The use of pesticides in the United States has increased rapidly in recent 
years. For example, over 453,592 metric ton of pesticides are used annually in the U.S.; 
this is approximately one-fifth of global use (Donaldson et al., 2002; Alavanja, 2009). 
The U.S. Geological Survey (USGS) reported that 97% of U.S. urban streams had one or 
more pesticides detected sometime during the ten years of their study (Ensminger et al., 
2013).   
Pesticides are classified into different categories based on their attributes. For 
example, they are categorized according to their use (e.g., insecticides, herbicides, 
fungicides, molluscicides, nematicides, miticides, and rodenticides), toxicity (e.g., 
extremely dangerous, highly dangerous, moderately dangerous, and slightly dangerous), 
and median lifetime (e.g., permanent, persistent, moderately persistent, and not 
persistent). Another common way of classification is based on their chemical structure, 
for which there are four main groups: organochlorines, organophosphates, carbamates, 
and pyrethroids (Garcia et al., 2012), in addition to relatively new compounds such as 
the neonicotinoids and phenylpyrazoles. 
In 1996, the United States Environmental Protection Agency (U.S. EPA) issued 
the Food Quality Protection Act (FQPA), which restricted and canceled many widely 
used organophosphate insecticides due to their adverse effects on humans and other 
animals. These insecticides have been replaced by synthetic pyrethroids and relatively 
new chemical compounds such as phenylpyrazoles and neonicotinoids for agricultural 
and household uses. Two of these new chemical insecticides that gained wide popularity 
 3 
 
are the phenylpyrazole fipronil and the neonicotinoid imidacloprid (Overmyer et al., 
2005; Goodman, 2011). 
Fipronil and imidacloprid are neurotoxins that operate by disrupting neural 
transmissions in the central nervous system of exposed invertebrates; however, they 
have different modes of action. For example, fipronil interferes with the passage of 
chloride ions by binding to a specific site within the gamma-aminobutyric acid (GABA) 
receptor; whereas, imidacloprid binds to postsynaptic nicotinic acetylcholine receptors 
(nAChR) (Gunasekara et al., 2007; Mortensen et al., 2015; Simon-Delso et al., 2015). 
Currently, fipronil and imidacloprid account for approximately one-third of the world 
insecticide market with large-scale applications including protecting plants from 
agricultural pests, controlling household pests, and controlling parasites on domesticated 
animals (Pisa et al., 2015; Simon-Delso et al., 2015). 
These insecticides are considered safer than other types of old generation 
pesticides because of their low toxicity on vertebrates. However, actual detrimental 
effects of fipronil and imidacloprid on non-target organisms have been reported in many 
studies conducted on various species such as mammals (Bhardwaj et al., 2010; Gu et al., 
2013), birds (Avery et al., 1997; Berny et al., 1999), fish (Beggel et al., 2010; Clasen et 
al., 2012), amphibians (Feng et al., 2004; Gripp et al., 2017), reptiles (Peveling and 
Demba, 2003; Cardone, 2015), and invertebrates (Yang et al., 2008; Hladik et al., 2016; 
Al-Badran et al., 2018).  
The use of fipronil and neonicotinoids (including imidacloprid) was banned 
recently in many countries such as Canada, the European Union countries, China, and 
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Taiwan (Wu et al., 2014; CCM, 2017; CBC, 2018; Stokstad, 2018). However, both 
insecticides are still used commonly in many states in the United States, including 
Texas, California, Ohio, Louisiana, and South Carolina (USEPA, 2016; Hladik et al., 
2018; Troiano et al., 2018). With their increased use in recent years and highly persistent 
nature in soils, they are frequently detected in surface and groundwater (Overmyer et al., 
2005; Bonmatin et al., 2015; Simon-Delso et al., 2015). For example, it has been 
reported that fipronil was detected in the aquatic environment in concentrations as high 
as 12.62 μg/L in the U.S. and other parts of the world (Chandler et al., 2004; Wirth et al., 
2004; Mize et al., 2008; Gan et al., 2012; Ruby, 2013). Similarly, the highest reported 
environmental concentration of imidacloprid reached 320.0 μg/L (Hayasaka et al., 
2012b; Van Dijk et al., 2013; Main et al., 2014; Hook et al., 2018). These concentrations 
exceed the acute toxicity levels of the U.S. EPA aquatic life benchmark for invertebrates 
for both insecticides, 0.11 μg/L for fipronil and 0.38 μg/L for imidacloprid (USEPA, 
2019).  
However, information is still very limited with regard to the risk assessment and 
environmental toxicology of these chemicals in marine ecosystems. For example, in a 
review conducted by Pisa et al. (2015) on the effects of fipronil and neonicotinoids on 
non-target invertebrates, the authors found that, of 376 papers being reviewed, there 
were a small number of studies on aquatic invertebrates and even less on marine species. 
The majority of the studies focused on terrestrial invertebrates such as honeybees.  
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1.2. Current study  
In this dissertation, I present the results from the studies that investigated the 
toxicity of fipronil and imidacloprid on two penaeid shrimp species in the Gulf of 
Mexico. Brown shrimp and white shrimp are the most important penaeid shrimp species 
for commercial harvest along the Atlantic coast of the southeastern United States and in 
the Gulf of Mexico (DeLancey et al., 2005; Ditty, 2011; Montero et al., 2016). Between 
2016 and 2018, the annual commercial landing of both species in the United States was 
105,833 metric ton, worth about $456 million (NMFS, 2019). In addition to their 
economic importance, brown shrimp and white shrimp play a critical ecological role in 
energy transfer from benthic to pelagic food web systems, and also as prey for various 
fish species that support important fisheries in the Gulf of Mexico region (Sheridan and 
Ray, 1981; Patillo et al., 1997; Daewel et al., 2011; Fujiwara et al., 2016; Montero et al., 
2016). 
Fipronil and imidacloprid are increasingly used in coastal communities in Texas, 
both in agriculture and household use, and these insecticides and their degradation 
products in aquatic environments are detected in levels exceeding the acute levels of the 
U.S. EPA. Because brown shrimp and white shrimp are estuarine-dependent during their 
juvenile stage, they are vulnerable to pesticides that are used on land and near their 
nursery habitat. Therefore, the effects of these insecticides on brown shrimp and white 
shrimp are a serious concern, particularly after the recent decline of the fishery for both 
shrimp species below their average annual harvest. No study has been conducted to 
assess the impact of fipronil and imidacloprid on brown shrimp and white shrimp. 
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1.3. Study significance 
This study addresses a critical issue in coastal management: effects of 
insecticides on the major commercial fishery species in Texas. Insecticides are often 
designed to kill insects, but not vertebrates or plants. This leads to the notion that they 
are safe. However, we often overlook the fact that insecticides can also kill other groups 
of beneficial invertebrates such as shrimp. The adult stock abundance of brown shrimp 
and white shrimp is known to be very sensitive to changes in survival rate during 
estuarine stages (Baker et al., 2014; Leo et al., 2016). Therefore, a small change in 
survival rates will have a large impact on the stock abundance and fishery yield. The 
shrimp fishery is the most valuable fishery in the Gulf of Mexico; it is worth $588 
million USD and accounts for 65% (by weight) of the total U.S. shrimp landing (NMFS, 
2016). Therefore, understanding the lethal and sub-lethal effects of widely used 
insecticides such as fipronil and imidacloprid on brown shrimp and white shrimp is 
critically important. 
On the other hand, the use of insecticides is beneficial at the same time. Although 
the quantification of the benefit may not be straightforward, and beyond the scope of this 
study, more than $24.3 billion of pesticides were used between 2006 and 2007 in the 
U.S. (Grube et al., 2011), far exceeding the commercial value of shrimp stocks. 
Therefore, it is not reasonable to expect complete cessation of pesticide use in the near 
future. However, if we can assess the negative impacts of pesticides, it will allow an 
informed decision balancing the cost and benefit of the use of these pesticides. 
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This study is innovative because it focuses on economically important resources 
and long-term effects. Sub-lethal effects of toxicants are often discussed in the literature; 
however, they are rarely investigated with economically important species. This study 
quantifies these effects on growth, development, behavior, and body composition in 
addition to lethal effects. The current study is also timely because the increased use of 
insecticides is expected in Texas. This results from increased risks of vector-borne 
diseases such as Zika and West Nile viruses and increased invasive ants (tawny crazy 
ants) and termites in many parts of Texas, especially in coastal areas (USEPA, 2016). 
Also, this study investigates the effects on commercially important fishery species, 
which are unlikely to be investigated by the U.S. EPA. Because of these reasons, this 
study is expected to yield high impact outcomes. 
In this dissertation, I present the results of multiple toxicity experiments to 
evaluate the adverse effects of commonly used insecticides on two penaeid shrimp 
species from a coastal area in Texas. The dissertation is divided into three main chapters 
(Chapters 2-4). Each of the three chapters was written as an independent paper and 
represented a different set of experiments with a specific research goal. Consequently, 
there are repetitions in some information among the three chapters. 
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CHAPTER II  
LETHAL AND SUB-LETHAL EFFECTS OF THE INSECTICIDE FIPRONIL ON 
JUVENILE BROWN SHRIMP FARFANTEPENAEUS AZTECUS* 
 
2.1. Introduction  
Chemical pesticides are commonly used world-wide for both agricultural and 
household purposes to control pests. However, they are known to have negative side 
effects on non-target organisms, including terrestrial organisms such as birds (Mineau 
and Palmer, 2013; Goulson, 2014; Hallmann et al., 2014) and insects (Krupke et al., 
2012; Whitehorn et al., 2012; Krupke and Long, 2015) as well as aquatic organisms such 
as fish (Ghisi et al., 2011; Beggel et al., 2012; Clasen et al., 2012) and arthropods 
(Osterberg et al., 2012; Roessink et al., 2013). A rapid increase in pesticides use in 
recent years has resulted in enormous pressure on the ecosystems (Tano, 2011; Simon-
Delso et al., 2015). Pesticides are expected to have a much greater effect on the aquatic 
environments compared with terrestrial environments, because water bodies are the 
eventual recipients of these chemicals (Pritchard, 1993). The adverse effects of chemical 
pesticides may be lethal (acute) or sub-lethal (chronic), and the effects can vary depend- 
 
 
* Reprinted with permission from Al-Badran, A. A., Fujiwara, M., Gatlin, D. M., Mora, M. 2018. Lethal 
and sub-lethal effects of the insecticide fipronil on juvenile brown shrimp Farfantepenaeus aztecus. 
Scientific Reports 8, https://doi.org/10.1038/s41598-018-29104-3, Copyright 2018.   
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ing on species (Laboy-Nieves et al., 2009). However, the majority of ecotoxicological 
studies have focused on the investigation of their lethal effects, neglecting sub-lethal 
effects. These studies also focus on a few selected model organisms, neglecting effects 
on other non-target organisms, which may play an important role for ecosystem 
functions and/or are important for commercial purposes (Shaw et al., 2008; Abbott, 
2013; Ottinger et al., 2013). 
Currently, fipronil is considered one of the most effective phenylpyrazole 
insecticides, which are used widely, and it is considered to affect arthropods selectively 
(Hainzl et al., 1998; Chaton et al., 2002). It is used increasingly for the protection of 
crops such as rice, corn, cotton, potatoes, turnips, and rutabagas from herbivorous insects 
and for controlling ticks and fleas on animals (Wirth et al., 2004; Mize et al., 2008; 
Simon-Delso et al., 2015). In particular, the use of fipronil has increased in the U.S.A. in 
recent years in many different states such as California, Louisiana, South Carolina, and 
Texas. For example, the U.S. EPA issued a quarantine exemption to the Texas 
Department of Agriculture in 2016, allowing the expanded use of fipronil in southeastern 
counties of Texas to control tawny crazy ants Nylanderia fulva (Fig. 1) (USEPA, 2016). 
Fipronil can flow into creeks, rivers, and estuaries because it is mobile in soils 
and soluble in water (USEPA, 1996b). Many recent studies have demonstrated the 
occurrence of fipronil and its degradation products, which have the same or greater toxic 
properties and are more stable than fipronil itself (Tingle et al., 2003; Wirth et al., 2004; 
Gunasekara et al., 2007; Stratman et al., 2013), in the aquatic environment at levels 
ranging between 0.001 - 12.62 µg/L, often exceeding the acute level (0.1 µg/L) of fipr- 
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Figure 1. Texas counties map. Red color indicate the counties that have been invaded by the 
tawny crazy ants N. fulva and that are using fipronil based on the exemption issued by the U.S. 
EPA in 2016 to control the invasion. 
 
onil in the aquatic life benchmark of the U.S. EPA (Mize et al., 2008; Gan et al., 2012; 
Ensminger et al., 2013; Ruby, 2013; Budd et al., 2015). A nationwide survey from 2002 
to 2011 conducted by Stone et al. (2014) found that fipronil concentrations exceeded its 
chronic aquatic life benchmark concentration (0.01 µg/L) in about 70% of 125 
monitored streams sometime during the survey. 
Several studies tested the toxicity of fipronil on non-target aquatic crustaceans 
such as estuarine mysid shrimp Americamysis bahia (USEPA, 1996a), Chinese mitten 
crab Eriocheir sinensis and giant river prawn Macrobranchium rosenbergii (Shan et al., 
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2003), red swamp crayfish Procambarus clarkia (Schlenk et al., 2001; Biever et al., 
2003), white river crayfish Procambarus zonangulus (Schlenk et al., 2001), grass shrimp 
Palaemonetes pugio (Key et al., 2003; Volz et al., 2003), water flea Daphnia pulex 
(Stark and Vargas, 2005), and blue crab Callinectes sapidus (Goff et al., 2017). 
However, the number of species studied is still limited, and most focused on lethal 
effects. 
The aim of this study was to investigate both lethal and sub-lethal effects of 
fipronil on the brown shrimp F. aztecus. Brown shrimp is one of the most important 
commercial fishery species in the U.S., found along the Atlantic coast of the 
southeastern United States and in the Gulf of Mexico (GOM) (Ditty, 2011; Montero et 
al., 2016) with a commercial landing value of $166,542 million in 2016 (NMFS, 2017). 
They are especially abundant along the coasts of Texas and Louisiana, U.S.A. In 
addition to their economic importance, brown shrimp play an important ecological role 
for supporting other species (Sheridan and Ray, 1981; Fujiwara et al., 2016; Montero et 
al., 2016). They are estuarine-dependent during a juvenile stage (Ditty, 2011; Montero et 
al., 2016); this potentially exposes them to pesticides that are used on land, because their 
residues end up in the runoff. The effects of fipronil on penaeid shrimp such as brown 
shrimp are particularly a concern because of its increased use in coastal communities. In 
this study, I estimated the effects of fipronil on survivorship, weight gain, inter-molt 
interval, behavioral changes, and body chemical composition under different nominal 
concentrations in controlled conditions. The concentrations were selected based on those 
previously reported for the aquatic environment. I also determined the nominal median 
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lethal concentration (LC50) and the nominal median lethal time (LT50) of fipronil. These 
results will fill our knowledge gap in potential effects of fipronil on estuarine 
crustacean.  
 
2.2. Materials and Methods  
2.2.1. Test organisms and acclimation to laboratory conditions  
Juvenile brown shrimp F. aztecus (weight 0.80 ± 0.06 g, total length 5.0 ± 0.67 
cm) were collected from Gangs Bayou, Sportsman Road (N 29.25549; W 94.91575) in 
Galveston Bay, Texas, using a 3-m bag seine (0.6 cm mesh size) on May 6, 2016. 
Shrimp were transported in 45-liter coolers equipped with air pumps to the laboratory in 
Texas A&M University, College Station, Texas. After equilibrating water temperature of 
the transportation coolers with laboratory temperature over approximately 5 hours, 
active shrimp were selected and moved to 53-liter plastic tanks filled with aerated 
artificial brackish water, which was prepared with dechlorinated tap water and Instant 
Ocean® Sea Salt (Supplementary Figs. B1a and B1b).   
Shrimp were acclimated to laboratory conditions in the tanks for 10 days at 
temperature, 19.93 ± 0.15 °C; salinity, 15.75 ± 0.16‰; pH, 8.14 ± 0.18; and 
photoperiod, 12 hour: 12 hour light: dark cycle (Supplementary Fig. B1a). During the 
acclimation period, shrimp were fed on API® Bottom Feeder Shrimp Pellets, which fit 
the nutritional requirements of shrimp (Lovell, 1998), twice a day. The acclimation tanks 
were cleaned daily to remove feces and uneaten food and approximately 30-40% of 
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water was changed with newly prepared brackish water. At the end of the acclimation 
period, shrimp were moved to test aquariums to begin the experiment. 
 
2.2.2. Experimental design and water quality parameters 
The experiment lasted 29 days from May 17, 2016 to June 14, 2016. The system 
consisted of 18 glass aquariums (six treatments X three replicates) of 9.5 liter (30.7 X 
15.4 X 20.5 cm) (Supplementary Fig. B1c), one aquarium was treated as one replicate. 
An aquarium was filled with 7 liters of test solution, equipped with air pumps (Topfin® 
AIR-8000), and covered with a glass lid to prevent shrimp from escaping. Each 
aquarium was divided equally into six cells (Supplementary Fig. B1d), and one 
individual was assigned to each cell to prevent cannibalism among shrimp and to follow 
molting of each shrimp individually (USEPA, 2007). The divider was made of a 
polypropylene plate and fiberglass screen (Supplementary Fig. B4b); both are commonly 
used for aquaculture purposes. The screen maintained the flow of water, which 
distributed dissolved oxygen among the cells. Additionally, aquariums were covered 
from all sides with aluminum foil sheets to minimize the degradation of fipronil due to 
light exposure during daytime (Supplementary Fig. B1c). The aquariums were placed 
randomly in three rows. During the experiment, shrimp were fed twice daily. Food 
amount was adjusted according to the body weight, which was measured weekly, based 
on the published feeding tables for shrimp (Lovell, 1998). Dissolved oxygen 
concentration (mg/L), salinity (‰), temperature (°C), and pH were measured every other 
day using YSI® Professional Plus Multi-parameter Meter.  
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2.2.3. Insecticide, concentrations and test solutions 
Fipronil (5-amino-1-[2, 6-dichloro4-4(trifluoromethyl) phenyl]-
4[(trifluoromethyl) sulfinyl]-1H-pyrazole-3-carbonitrile), CAS number 120068-37-3 and 
purity limit ≥ 97% (HPLC), was purchased from Fisher Scientific Co. L.L.C., PA, US. 
Six nominal concentrations, including the control, were used for this experiment: 0.0, 
0.1, 1.0, 3.0, 6.4, and 10.0 µg/L. These concentrations were selected based on those 
previously observed by other researchers in the environment  (Mize et al., 2008; Gan et 
al., 2012; Hayasaka et al., 2012b; Ruby, 2013)(Supplementary Table A1). Each 
treatment (concentration) was conducted in triplicate. 
The nominal experimental solutions were prepared by making a 1 liter of highly 
homogenized 100 mg/L fipronil suspension; this suspension was made by mixing 0.1 g 
of fipronil powder in 1 liter of artificial brackish water using a magnetic stirrer. Then, all 
of the nominal experimental concentrations (0.1, 1.0, 3.0, 6.4, and 10.0 µg/L) were 
prepared by diluting specific quantities of 100 mg/L fipronil suspension with artificial 
brackish water. For example, to prepare 0.1 µg/L fipronil solution, I took 10 ml of 100 
mg/L fipronil suspension and mixed it with 990 ml of prepared water to create 1 mg/L 
fipronil solution, and then, I took 2.1 ml of 1 mg/L fipronil solution and mixed it with 21 
liters of prepared water. Dilutions of all nominal experimental concentrations are shown 
in Supplementary Table A2. For each nominal concentration, 21 liters of fipronil 
solution was created for three aquariums (replicates). To maintain the fipronil 
concentrations under all treatments during the experiment, 100% of test solutions were 
replaced every two days. 
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2.2.4. Experimental measurements 
All assays were conducted using the static-renewal method and according to the 
guidelines of the U.S. EPA (USEPA, 2002). The number of shrimp in each replicate and 
the number of replicates were determined referring to previous studies (Shan et al., 2003; 
USEPA, 2007). 
 
2.2.4.1. Survival, median lethal time (LT50), and acute toxicity test (LC50) 
Survivorship of shrimp was measured by monitoring shrimp movements in the 
aquariums during feeding periods. Dead shrimp were removed, counted, and weighed. 
The weight of dead shrimp was used to adjust food amounts for remaining live shrimp. 
Shrimp were considered dead if they lay down on their side or back with no noticeable 
movement and they did not make any response (such as jumping, moving their legs, or 
flipping their tails) after taking them out of water. The dead individuals were placed in a 
freezer for later body chemical composition analysis. I used survivorship data to estimate 
the median lethal time (LT50) and also the acute toxicity of fipronil (LC50) on shrimp 
under 96-h of exposure. 
 
2.2.4.2. Weight gain and growth rate 
Shrimp were weighed every week to observe the effect of fipronil concentrations 
as well as to adjust the amount of food. Shrimp were weighed individually after gently 
removing water with paper towel and placed in a beaker with known amount of brackish 
water. The weekly weight gain of shrimp was calculated using following equation:  
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% Weight gain = {(Final weight – Initial weight) / Initial weight} X 100 
 
2.2.4.3. Inter-molt interval 
I calculated the inter-molt interval of shrimp under each concentration by 
counting the number of days between each two consecutive molts of the same 
individuals. This was possible because I isolated juvenile shrimp in cells (within the 
same aquarium) and covered the aquarium with a glass lid to prevent the movement of 
individuals among cells. Then, the date of molting of each individual was recorded. 
 
2.2.4.4. Behavioral and physical changes 
At each feeding time (morning and afternoon) and also at night, any 
abnormalities in shrimp activities as well as any changes in physical appearance 
compared with shrimp in the control were noted and recorded on video. 
 
2.2.4.5. Analysis of whole-body composition 
At the end of the experiments, live shrimp were collected, euthanized by freezing 
them, and kept in freezer (at -18 °C). Eighteen individuals under each treatment were 
combined to create two samples. For each sample, dry matter of whole body of shrimp 
was measured first by accurately weighing 2.0 g of shrimp in a pre-weighed porcelain 
crucible, placing the samples in an oven at 135 °C for 3 hours (AOAC, 1990), and 
weighing them again. Then, porcelain lab mortar and pestle were used to prepare a 
highly homogenized shrimp powder to be used in subsequent analyses. The crude 
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protein content of shrimp body was determined through Dumas protocol using a LECO 
protein analyzer to measure total nitrogen as described in (AOAC, 2005). Lipids were 
estimated using chloroform/methanol 2:1 extraction method (Folch et al., 1957). Ash 
was determined by placing dry matter samples in a muffle furnace at 550 °C for 3 hours 
(AOAC, 1990). 
 
2.2.5. Statistical analysis 
One-way Analysis of Variance (ANOVA) and linear regression were used to test 
for the significant differences among all treatments compared to the control. In some 
measurements such as the survivorship and inter-molt interval of shrimp, the data were 
not normally distributed, and non- parametric tests were used. Kaplan–Meier estimator 
was conducted to estimate shrimp survivorship followed by the non-parametric Log-
Rank test to compare the survival distribution among treatments. Probit analysis 
described by Finney (Finney, 1952) was used to calculate the LC50, using log 
concentration as dependent variable and probit as independent variable, then I used the 
parametric bootstrap method to calculate the 95% confidence intervals of the LC50 
toxicity test (Finney, 1952) (Supplementary Fig. B2). Non- parametric Kruskal-Wallis 
test followed by the pairwise Wilcoxon rank sum test were used to test for differences 
among the means of treatments of the inter-molt intervals. All of these statistical 
analyses were conducted at significance level α = 0.05 using JMP® Pro 2016 (JMP, 
2016) (ANOVA, Kaplan–Meier, and Kruskal-Wallis tests), Matlab R2017a (MATLAB, 
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2017) (LC50 calculations), and Microsoft Excel 2016 (linear regression test, and to draw 
all figures). 
2.3. Results 
2.3.1. Water quality 
Mean values of water quality parameters were the following: temperature, 20.84 
± 0.24 °C; salinity, 16.20 ± 0.10‰; pH, 8.69 ± 0.15; and dissolved oxygen (DO), 5.67 ± 
0.24 mg/L (Table 1). There were no significant differences among treatments for all 
water quality parameters measured during the experiment, which lasted 29 days, and all 
of them were within appropriate ranges of the environmental requirements of shrimp 
(Lassuy, 1983). 
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Table 1. Water quality parameters of the shrimp aquariums during 29 days of laboratory experiments. * Values of Mean ± standard 
deviation for each parameter of all concentrations (treatments) of fipronil used during the trials. ** Values of fipronil concentration 10.0 
µg/L have no standard deviation due to shrimp mortality during first few days of the trial. 
 
Fipronil concentrations 
(µg/L) 
Water quality parameters 
Temp. °C Salinity ‰ pH DO mg/L 
 Control 21.11 ± 0.32
* 16.11 ± 0.40 8.41 ± 0.16 5.43 ± 0.11 
0.1 21.0  ± 0.33 16.16 ± 0.44 8.61 ± 0.12 5.43 ± 0.17 
1.0 20.98 ± 0.25 16.23 ± 0.38 8.74 ± 0.03 5.60 ± 0.26 
3.0 20.7 ± 0.10 16.30 ± 0.04 8.78 ± 0.02 5.72 ± 0.11 
6.4 20.45 ± 0.49 16.34 ± 0.24 8.81 ± 0.02 5.85 ± 0.04 
10.0
**
 20.8 16.09 8.81 6.04 
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2.3.2. Survival, median lethal time (LT50), and acute toxicity test (LC50) 
My results showed that survival of juvenile shrimp decreased significantly with 
fipronil concentration, from 0.1 µg/L to 10.0 µg/L (Kaplan-Meier survival curve analysis 
followed by the non-parametric Log-Rank test, P ˂ 0.0001) as shown in Table 2 and Fig. 
2. Starting from week 1, significant differences were detected between a control 
treatment (with survival rate of 100%) and all other fipronil treatments except 0.1 µg/L 
treatment, which showed a survival rate of 72.2% over the week. After week 1, all 
treatments were significantly different from the control (Kaplan-Meier survival curve 
analysis followed by the non-parametric Log-Rank test, P ˂ 0.0001).  
 
Figure 2. Kaplan-Meier survivorship curves of juvenile shrimp under different concentrations of 
fipronil during 29 days of exposure. Day 1 is 24-h after the beginning of the experiment. All 
treatments were significantly different from the control according to the non-parametric Log-
Rank test (P < 0.0001). 
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Table 2. Weekly survival rate (mean ± standard deviation) of juvenile shrimp starting from day1 to the end of the experiment. n = number 
of shrimp individuals in each treatment (6 shrimp per replicate aquarium, 3 aquariums per treatment). LT50 is the time required for 50% of 
shrimp to die after the exposure to fipronil under each treatment, measured per day in this study. Values with star (*) indicate treatment is 
significantly different from the control (P ˂ 0.05). 
 
Fipronil 
concentrations 
(µg/L)
 
n
 
LT50 (day) 
Survival % 
Day 1 Week 1 Week 2 Week 3 Week 4 
 Control 18 / 100 100 100 100 100 
0.1 18 6.66 * ± 3.51 100 72.20 ± 25.46 16.63 * ± 16.65 11.10 * ± 19.22 0 
1.0 18 6.33 * ± 3.78 100 66.63 * ± 28.86 16.63 * ± 16.65 5.53 * ± 9.58 0 
3.0 18 2.66 * ± 1.15 100 16.63 * ± 16.65 0  0  0 
6.4 18 3.0 * ± 1.0 100 16.60 * 0  0  0 
10.0 18 1.66 * ± 0.57 100 0  0  0  0 
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Under the higher concentrations of fipronil (6.4 µg/L and 10 µg/L), shrimp 
showed faster reduction in survivorship where all individuals died by day 8 and day 4, 
respectively. Under lower fipronil concentrations (0.1 µg/L and 1.0 µg/L), survivorship 
declined with time at a slower rate and all individuals died by day 28 and 23, 
respectively. Under all concentrations of fipronil, the survival rate of juvenile shrimp 
over the duration of the experiment was 0.0% (Kaplan-Meier survival curve analysis 
followed by the non-parametric Log-Rank test, P ˂ 0.0001). In comparison, none of the 
shrimp died in any replicate under the control treatment (0.0 µg/L). 
The median lethal time LT50 (the time required for 50% of the animals to die at a 
particular exposure concentration, and also called median time to death) of juvenile 
shrimp under fipronil treatments ranged between 1.66 ± 0.57 day in the 10.0 µg/L 
treatment to 6.66 ± 3.51 day in the 0.1 µg/L treatment. One-way Analysis of Variance 
ANOVA (P < 0.05) showed that all treatments were significantly different from the 
control which showed no mortality among the shrimp during the experiment (Table 2). 
Fipronil 96-h LC50 (lethal concentration to reach 50% mortality within 96 hours) of 
juvenile shrimp was 1.3 µg/L with the 95% confidence interval ranging from (1.0 to 
1.5). Table 3 compares the results from this study with those from previous studies 
obtained by others. 
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Table 3. Median lethal concentration (LC50) for F. aztecus and other estuarine and freshwater arthropods (Crustacean species) exposed to 
fipronil for 96-h in toxicity tests. Values with star (*) indicate LC50 for 48-h exposure. Table was modified from (Chandler et al., 2004). 
Species Common name Habitat LC50 (µg/L) Reference 
Americamysis bahia Mysid shrimp Estuarine 0.14 (USEPA, 1996a) 
Palaemonetes pugio Grass shrimp Estuarine / Marine 0.32 (Overmyer et al., 2007) 
Palaemonetes pugio Grass shrimp Estuarine / Marine 
0.32 (adult) 
0.68 (larvae) 
(Key et al., 2003) 
Macrobrachium rosenbergii Giant river prawn Brackish water / Freshwater 0.98 (Shan et al., 2003) 
Farfantepenaeus aztecus Brown shrimp Estuarine / Marine 1.3 Current study 
Macrobrachium nipponensis Oriental river shrimp Freshwater 4.32 (Shan et al., 2003) 
Amphiascus tenuiremis Copepod Estuarine / Marine 6.8 (Chandler et al., 2004) 
Diaptomus castor Copepod Freshwater 7.9 * (Chaton et al., 2002) 
Eriocheir sinensis Chinese mitten crab Estuarine / Freshwater 8.56 (Shan et al., 2003) 
Procambarus clarkii Red swamp crayfish Freshwater 14.3
 
(Schlenk et al., 2001) 
Ceriodaphnia dubia Water flea Freshwater 17.7 * (Konwick et al., 2005) 
Procambarus zonangulus White river crayfish Freshwater 19.5 (Schlenk et al., 2001) 
Procambarus clarkii Red swamp crayfish Freshwater 163.5 (Overmyer et al., 2007) 
Daphnia magna Water flea Freshwater 190.0* (USEPA, 1996a) 
Acanthocyclops robustus Copepod Freshwater 194.2* (Chaton et al., 2002) 
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2.3.3. Weight gain and growth rate 
At the beginning of the experiment, there was no significant difference in the 
initial weight among the treatments; initial weight of shrimp ranged between 0.78 ± 0.08 
g in the 1.0 µg/L treatment and 0.82 ± 0.08 g in the 6.4 µg/L treatment (Table 4). 
The final weight in Table 4 was calculated for each treatment by taking the final 
weight measured before the death of all shrimp. However, the week of death of the last 
shrimp was different among the treatments. For example, the final weights of the 0.1 
µg/L and 1.0 µg/L treatments were measured at the end of week 3; whereas, final 
weights of 3.0 µg/L and 6.4 µg/L treatments were measured at the end of week 1 of 
fipronil exposure because all shrimp in these treatments died before reaching week 2. 
However, final weight and percent weight gain clearly showed the effect of fipronil. In 
all treatments, a significant reduction in growth was observed after the first week of 
fipronil exposure (ANOVA, P < 0.05) (Table 4 and Fig. 3). 
The percent weight gain showed significant differences among all treatments 
(ranging from -21.42 g in the 1.0 µg/L treatment to 2.77 ± 19.64 g in the 3.0 µg/L 
treatment) and the control (60.19 ± 15.44 g) (ANOVA, P < 0.05). Weight loss occurred 
(- 8.97, -21.42, and -16.87 ± 29.57 g) in three concentrations (0.1, 1.0, and 6.4 µg/L, 
respectively), indicating the final weight was less than the initial weight under all of 
these treatments. Final weight and percent weight gain in the 10.0 µg/L treatment were 
not measured because all individuals died during the first days of exposure before 
measuring the weight in week 1 (Table 4). 
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Table 4. Initial weight (g), final weight (g), and % weight gain (mean ± standard deviation) of juvenile shrimp exposed to different 
concentrations of fipronil. n = number of replicates in each treatment. All values were calculated based on the wet weight per individual 
shrimp. Means in columns not sharing the same letter are significantly different (P ˂ 0.05). 
 
Fipronil 
concentrations 
(µg/L) 
Initial weight (g) Final weight (g) 
Week of 
final weight 
measurement 
% Weight gain 
 Control 
0.80 ± 0.08 (n = 3) 
a 
1.28 ± 0.08 (n = 3) 
a 
4 
60.19 ± 15.44 (n=3) 
a 
0.1 
0.79 ± 0.05 (n = 3) 
a 
0.71 (n = 1) 
b 
3 
- 8.97 (n=1) 
b 
1.0 
0.78 ± 0.08 (n = 3) 
a 
0.55 (n = 1) 
b 
3 
-21.42 (n=1) 
b 
3.0 
0.82 ± 0.09(n = 3) 
a 
0.81 ± 0.24 (n = 2) 
b 
1 
2.77 ± 19.64 (n=2) 
b 
6.4 
0.82 ± 0.08 (n = 3) 
a 
0.66 ± 0.17 (n = 3) 
b 
1 
-16.87 ± 29.57 (n=3) 
b 
10.0 
0.81 ± 0.06(n = 3) 
a 
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Figure 3. Average weight (g wet weight per individual) of juvenile shrimp as a function of the 
duration of the exposure to fipronil. The horizontal axis represents the experiment period per 
week (week 0 - week 4) while the vertical axis represents the average wet weight (g) per 
individual shrimp in each treatment. Error bars indicate the standard errors (n = 18). One-way 
Analysis of Variance (P < 0.05) showed that, after one week of fipronil exposure all treatments 
were significantly different from the control. 
 
2.3.4. Inter-molt interval 
Control shrimps showed the highest number of molts per individual (m = 2.6); 
whereas, the number of molts decreased progressively with fipronil concentration. Inter-
molt interval of the control treatment (12.2 ± 1.64 day) was significantly shorter than 0.1 
μg/L treatment (14.0 ± 0.85 day) and the 1.0 μg/L treatment (15.5 ± 0.53 day) according 
to the Kruskal-Wallis rank sum test (P < 0.0001) (Fig. 4).  
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Figure 4. Inter-molt intervals of juvenile shrimp exposed to different concentrations of fipronil 
for 29 days. The horizontal axis represents the six fipronil concentrations (µg/L) including the 
control used during the experiment while the vertical axis represents time (per day) of the inter-
molt intervals of juvenile shrimp. Error bars indicate the standard errors (n = 18). m is the 
average number of molts of individual shrimp in each treatment. Non- parametric Kruskal-
Wallis test followed by the pairwise Wilcoxon rank sum test (P < 0.0001) showed that means in 
columns not sharing the same letter were significantly different. 
 
I could not calculate the inter-molt intervals for shrimp in treatments of higher 
fipronil concentrations (3.0, 6.4, and 10.0 μg/L) because they died before they have two 
consecutive molts of any individual during the experiment. 
 
2.3.5. Behavioral and physical changes 
Shrimp under high fipronil concentrations (3.0, 6.4, and 10.0 µg/L) showed 
behavioral changes after only one day. These changes were observed in the following 
order: (1) shrimp in these treatments started moving in circles with no control on their 
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movements; (2) shrimp stopped moving in circles and sprawled on their sides or backs 
on the bottom of the aquarium with only their swimming legs moving in continuous 
involuntary movements; and (3) shrimp stopped moving their swimming legs and died. 
All of these abnormal swimming and feeding behaviors were recorded to compare them 
with shrimp in the control treatment. It is important to note that during all of these stages 
of abnormal behaviors, shrimp were not able to feed effectively. This was clearly 
observable under low fipronil concentrations (0.1 and 1.0 µg/L) in which shrimp 
survived for a longer period and exhibited the behavioral changes progressively and 
slowly.  
The visual examinations of the physical changes in shrimp bodies at the end of 
the experiment indicated a clear difference in their body color. Fig. 5 shows shrimp body 
color gradient from bright color of shrimp in the control (0.0 µg/L) to gray and dark 
color of shrimp in the 0.1 µg/L and 1.0 µg/L treatments. This result indicates that 
fipronil affected shrimp body color in a concentration-dependent manner. 
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Figure 5. Body color of juvenile shrimp exposed to different concentrations of fipronil. Controls 
(a, b), 0.1 µg/L treatment (c, d), 1.0 µg/L treatment (e, f). 
 
 
2.3.6. Analysis of whole-body composition 
Fig. 6 shows the analysis of protein, lipid, and ash composition (dry basis) of 
juvenile shrimp in all treatments. My results revealed that there were some significant 
differences (ANOVA, P < 0.05) among treatments in all components analyzed. There 
was an overall significant decrease (ANOVA, P < 0.05) in the percentage of body 
protein for all treatments compared to the control (0.0 µg/L) which showed the highest 
level of protein 71.69 ± 0.23%, although there was not a clear trend (Fig. 6a). 
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The ANOVA (P < 0.05) of lipid percentage indicated that there was no 
difference among treatments with the five lower concentrations, including the control. 
Similarly, there was no difference among treatments (ANOVA, P < 0.05) with the four 
higher concentrations (Fig. 6b). However, a linear regression analysis (P = 0.0017) 
indicated that lipid percentage increased significantly with increasing concentration of 
fipronil (Supplementary Fig. B3). 
For ash percentage, my analysis showed that the differences among groups in this 
case appear to be random and not associated with the insecticide exposure; although, 
control treatment had the lowest ash percentage (15.78 ± 0.53%) and differed 
significantly (ANOVA, P < 0.05) from most of the treatments (Fig. 6c). 
 
Figure 6. Analysis of body composition of juvenile shrimp under different fipronil 
concentrations. The horizontal axes in (6.a, 6.b, and 6.c) represent the six fipronil concentrations 
(µg/L) used during the experiment while the vertical axes represent the protein % (in 6.a), lipid 
% (in 6.b), and ash % (in 6.c) in bodies of juvenile shrimp measured at the end of the 
experiment. Dashed lines are fitted regression lines. Error bars indicate the standard errors (n = 
number of samples analyzed from each treatment). One-way Analysis of Variance (P < 0.05) 
showed that means in columns not sharing the same letter are significantly different. 
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Figure 6 Continued. 
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2.4. Discussion 
Fipronil is known to cause lethal and sub-lethal effects on non-target 
invertebrates in both aquatic and terrestrial ecosystems (Pisa et al., 2015). However, 
studies are often conducted with a limited number of model organisms. Consequently, 
there is a gap of knowledge in the effects on a large number of non-target invertebrates, 
especially from coastal and marine ecosystems (CCME, 2007). Fipronil desulfinyl (a 
photodegradation product of fipronil) was detected in the eggs of the Atlantic blue crab 
Callinectes sapidus off the coast of South Carolina (the Eastern coast of the United 
States), and it may be one of the causes of C. sapidus decline to the lowest historical 
levels over the past decade (Goff et al., 2017). In Texas, fipronil has been reported in 
several recent studies conducted by the U.S. Geological Survey (USGS) and U.S. EPA 
in different cities including Houston-Galveston (Sneck-Fahrer and East, 2007), Austin 
(Mahler et al., 2009), San Antonio (Opsahl, 2012), and College Station (Mosier, 2005), 
in concentrations ranging between 0.021 μg/L and 0.075 μg/L. All of these studies have 
reported the detection of fipronil and two or more of its degradation products (i.e., 
fipronil sulfide, fipronil sulfone, desulfinylfipronil, and desulfinylfipronil amide) in 
surface water and urban streams in levels exceeding the chronic level of the U.S. EPA 
aquatic life benchmark for invertebrates (0.01 μg/L). To the best of my knowledge, this 
study is the first to report the effects of fipronil on commercially and ecologically 
important penaeid shrimp F. aztecus. 
All nominal fipronil concentrations tested in this study were within the range of 
concentrations found in the environment by other researchers in streams, rivers, and 
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estuaries in the U.S. and other countries (USGS, 2003; Mize et al., 2008; Hayasaka et 
al., 2012b; Ruby, 2013) (Supplementary Table A1). My results showed that fipronil 
caused significant lethal and sub-lethal effects on juvenile F. aztecus. Results also 
showed that survival of shrimp was concentration-dependent (Table 2 and Fig. 2). All 
individuals died during the 29 days of exposure under all the fipronil concentrations 
tested; whereas, no individual died in the control. The nominal 96-h LC50 of fipronil for 
juvenile F. aztecus was estimated at 1.3 μg/L. This result suggests F. aztecus have an 
intermediate sensitivity to fipronil among marine invertebrates, but they are far more 
sensitive than freshwater invertebrates studied so far (Table 3). 
In my study, final weight and percent weight gain of shrimp showed significant 
differences (P < 0.05) between the control and all other concentrations (Table 4 and Fig. 
3). Growth reduction of aquatic arthropods under the exposures to toxicants also has 
been reported in other studies with sand shrimp Metapenaeus ensis (Wong et al., 1995) 
and freshwater crayfish Cherax quadricarinatus (Frontera et al., 2011). A similar 
reduction in body growth of F. aztecus has been documented by Rozas et al. (2014), who 
found the reduction in the growth of juvenile F. aztecus and white shrimp L. setiferus 
held for 7 days in field mesocosms contaminated with the non-lethal concentrations of 
petroleum hydrocarbons from an oil spill. On the contrary, Goff et al. (2017) found that 
juvenile blue crabs C. sapidus exposed to different nominal concentrations of fipronil 
and fipronil desulfinyl resulted in significant increases in growth in all treatments 
compared to controls in a short-term (96-h) experiment. 
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There are several reasons that may explain the decrease in the growth of juvenile 
F. aztecus in my study. For instance, animals affected by environmental stressors, such 
as the chemical toxicants, utilize the energy in the detoxification processes, thus 
affecting the metabolism of protein and carbohydrate and eventually growth 
performance (Frontera et al., 2011). Shrimp derive energy more expeditiously from 
protein than from lipids and carbohydrate (Gauquelin et al., 2007); therefore, exposing 
F. aztecus to fipronil may have resulted in a reduced protein level in exposed shrimp 
compared with those in the control (Fig. 6a), which might have, in turn, reduced growth 
(Fig. 3). On the other hand, fipronil is a phenylpyrazole insecticide, which acts by 
blocking the chloride channels, disrupting the central nervous system activity (Simon-
Delso et al., 2015), which may have inhibited feeding activity of juvenile F. aztecus 
under exposure. 
Molting is one of the important physiological processes for arthropods allowing 
them to grow normally (Lachaise et al., 1993; Mensah et al., 2012a). Because molting in 
crustaceans is mainly controlled by the interaction of molt-stimulating hormones 
(ecdysteroids), molt-inhibiting hormones (produced in the eyestalks), and nervous 
system secretions, endocrine disrupting chemicals, including fipronil (Volz et al., 2003) 
in my study, are expected to have adverse effects on molting (OECD, 2005). In this 
study, fipronil affected F. aztecus molting process in a concentration-dependent manner. 
Inter-molt intervals of shrimp under the control (12.2 ± 1.64 day) were significantly 
shorter (P < 0.0001) than those in other fipronil treatments (Fig. 4). Increased inter-molt 
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intervals suggest the development of shrimp is delayed by exposure to sub-lethal levels 
of fipronil in water. 
Similar delay in molting has been reported with other arthropods exposed to 
pesticides. Betancourt-Lozano et al. (2006) showed significant increase in inter-molt 
intervals of juvenile Pacific white shrimp Litopenaeus vannamei under the exposure to 
Tilt (a commercial formulation of the fungicide propiconazole). Snyder and Mulder 
(2001) showed delayed molting of American lobster Homarus americanus larvae 
exposed to cyclodiene pesticide heptachlor. Baldwin et al. (1995) reported that juveniles 
and adults of the freshwater crustacean D. magna exhibited reduced molting frequency 
after they were chronically exposed to diethylstilbestrol (DES). Moreover, there are also 
reports of reduced molting intervals, for example, with freshwater shrimp Caridina 
nilotica under exposure to the herbicide Roundup® (Mensah et al., 2012a) and grass 
shrimp P. pugio under exposure to sodium pentachlorophenate and Aroclor 1242 
(Fingerman  et al., 1998). These studies suggest potentially complex mechanisms of 
pesticides affecting the molting of arthropods.  
Behavioral changes are often the first indication of the harmful impacts of 
pesticides on living organisms, and even at low doses of pesticides, long-term behavioral 
changes can be observed. This effect is magnified especially if the pesticide exposure 
occurred during the developmentally critical periods of the organism’s life (Raley-
Susman, 2014). In the present study, behavioral changes were observed under all fipronil 
concentrations compared with those under the control, starting from day one in the high 
concentration treatments and later in lower concentration treatments. Change in 
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swimming (mobility) and feeding activities were the main observed changes. Similar 
results have been reported by other researchers. For example, Stratman et al. (2013) 
showed that the chironomid midge Cricotopusle betis Sublette exposed to fipronil 
exhibited abnormal behaviors, movement restriction, and feeding reduction. Overmyer et 
al. (2005) observed abnormal behavior and muscle control in the aquatic insect Simulium 
vittatum under all fipronil concentrations tested in the study.  
Color changes were clearly observed in both the exoskeleton and abdominal 
muscle (Fig. 5). Because the body color of shrimp under 1.0 µg/L fipronil (Fig. 5e, f) 
were darker than those under 0.1 µg/L fipronil (Fig. 5c, d), which were, in turn, darker 
than that in the control (Fig. 5a, b), I concluded that the effect of fipronil on the color of 
juvenile F. aztecus was concentration-dependent. In crustaceans, and especially shrimp, 
many environmental factors are known to affect body color by affecting pigment 
dispersion (movement) within the chromatophores (O’Halloran, 1990). However, I note 
that the factors that are known to have an effect on body color of shrimp, such as 
temperature, light intensity, and background color, were carefully controlled in my study 
(Table 1). Body color in shrimp is often considered a sign of shrimp health, and 
consequently, influencing its commercial value (Martinez et al., 2014); for the same 
reason, color change in crustaceans, which is a hormonally-regulated process, can be 
used as a biomarker of environmental health (Fingerman  et al., 1998). 
Some changes in body chemical compositions were observed under the exposure 
to fipronil in this study. A linear regression analysis showed a significant increase (P = 
0.0017) in lipid percentage with fipronil concentration (Supplementary Fig. B3). Similar 
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results were found with juvenile mud crab Rhithropanopeus harrisii exposed to the 
insecticide fenoxycarb (Nates and McKenney Jr, 2000), Pacific white shrimp L. 
vannamei exposed to oxytetracycline (OTC) (Bray et al., 2006), and freshwater crayfish 
C. quadricarinatus exposed to glyphosate acid and polyoxyethylenamine (POEA) 
(Frontera et al., 2011), and freshwater amphipod Gammarus pulex exposed to the 
insecticide imidacloprid (Nyman et al., 2013). Protein percentage may also have been 
affected by fipronil (Fig. 6a). Although the protein percentage under the control (71.69 ± 
0.23%) did not differ with those in the 6.4 µg/L treatment (70.84 ± 0.41%), it may be 
because of the fact that those in higher concentrations died early in the first days of the 
experiment, and they did not have enough time to exhibit a measurable reduction in 
protein percentage. Both protein and lipid metabolism are potentially affected by 
detoxification process (Frontera et al., 2011). If so, I would expect the effects to be 
concentration-dependent. However, they are also affected by the duration of exposure 
and feeding rate, which are also affected by toxicants. Further studies are needed for 
determining the existence of effects of fipronil on body chemical composition as well as 
potential mechanisms. 
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CHAPTER III  
EFFECTS OF INSECTICIDES, FIPRONIL AND IMIDACLOPRID, ON THE 
GROWTH, SURVIVAL, AND BEHAVIOR OF BROWN SHRIMP 
FARFANTEPENAEUS AZTECUS 
 
3.1. Introduction 
Chemical pesticides have become critically important for the sustainability of 
commercial agricultural production, as well as improving the quality of our daily lives. 
The use of pesticides to protect crops against pests is indispensable to assure both quality 
and productivity of agriculture (Oerke and Dehne, 2004; Hayasaka et al., 2012b) and to 
control household pests such as termites, fire ants (such as Solenopsis invicta), and 
mosquitoes (Elliott and Barnes, 1963; Aktar et al., 2009; Drees, 2014). However, 
pesticides also have negative effects on non-target organisms, whether they are 
terrestrial or aquatic organisms (Clasen et al., 2012; Goulson, 2013; Roessink et al., 
2013; Krupke and Long, 2015), that may be considered beneficial organisms. Because 
water bodies are the eventual recipients of chemical pesticides, it is expected that these 
toxicants pose a much greater adverse effects in aquatic environments compared with 
terrestrial environments (Pritchard, 1993).  
Although these negative effects could be acute (lethal) or chronic (sub-lethal) and 
vary depending on the sensitivity of species (Laboy-Nieves et al., 2009; Hayasaka et al., 
2012a), the majority of ecotoxicological studies neglect their sub-lethal effects (Shaw et 
al., 2008; Abbott, 2013) and instead focus on selected model species, such as water flea 
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D. magna and zebrafish Danio rerio (Hayasaka et al., 2012b; Dai et al., 2014). Here, I 
present the results of experimental studies on the effects of fipronil (5-amino-1-[2, 6-
dichloro4-4(trifluoromethyl) phenyl]-4[(trifluoromethyl) sulfinyl]-1H- pyrazole-3-
carbonitrile) and imidacloprid (1-[(6-Chloro-3-pyridinyl)methyl]-N-nitro-2-
imidazolidinimine), two of the most commonly used chemical pesticides worldwide on 
brown shrimp F. aztecus, one of the most commercially prominent marine species in the 
U.S.  
Brown shrimp is considered one of the most important commercial species for 
fisheries along the Atlantic Coast of the southeastern United States and in the Gulf of 
Mexico (Ditty, 2011; Montero et al., 2016). Its commercial landing value was estimated 
at $166,542 million in 2016 (NMFS, 2017). In addition to its economic importance, 
brown shrimp also has an essential ecological role as prey for many important fishery 
species in the region (Sheridan and Ray, 1981; Fujiwara et al., 2016; Montero et al., 
2016). In particular, these shrimp are abundant along the coasts of Texas and Louisiana, 
U.S.A. and inhabit the estuarine areas during their juvenile stage as part of their annual 
life cycle (Ditty, 2011; Montero et al., 2016). However, because of the increased use of 
fipronil and imidacloprid in coastal communities, as well as the detection of pesticides 
residues in estuaries water (Chandler et al., 2004; Hala, personal communication, May 
2019), the effects of these insecticides on penaeid shrimp specifically brown shrimp are 
a particularly serious concern. 
Phenylpyrazoles (including fipronil) and neonicotinoids (including imidacloprid) 
are widely used insecticides with large-scale applications, such as protecting plants from 
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agricultural pests, controlling household pests, and controlling parasites on domesticated 
animals (Pisa et al., 2015). Presently, they account for approximately one third of the 
world insecticide market (Simon-Delso et al., 2015). Although both fipronil and 
imidacloprid operate by disrupting neural transmission in the central nervous system of 
invertebrates (Simon-Delso et al., 2015), each product has a different mode of action. 
Fipronil interferes with the passage of chloride ions by binding to a specific site within 
the gamma-aminobutyric acid (GABA) receptor, while imidacloprid binds to 
postsynaptic nicotinic acetylcholine receptors (nAChR) (Gunasekara et al., 2007; 
Mortensen et al., 2015). Compared to other types of insecticides, fipronil and 
imidacloprid are considered safer because of their low toxicity on mammals. Fipronil 
and imidacloprid are very effective on insects (arthropods) in small concentrations 
(Overmyer et al., 2005). However, their increased use in recent years (Overmyer et al., 
2005; Pisa et al., 2015; Simon-Delso et al., 2015), moderate to high solubility (USEPA, 
1996b; Raby et al., 2018), and persistence in water (Tisler et al., 2009; Van Dijk et al., 
2013; McMahen et al., 2016) pose a serious concern regarding the potential adverse 
impacts on non-target organisms, especially on aquatic invertebrates. 
Fipronil has been reported in the U.S. and other parts of the world, and its 
environmental concentrations can be as high as 12.62 μg/L (Mize et al., 2008; Gan et al., 
2012; Hayasaka et al., 2012a; Ensminger et al., 2013; Ruby, 2013). Among the sites 
where imidacloprid are actively used, the environmental concentrations of imidacloprid 
have ranged between 0.016 μg/L and 320.0 μg/L (Jemec et al., 2007; Hayasaka et al., 
2012a; Van Dijk et al., 2013; Main et al., 2014; Hook et al., 2018). Many of these 
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studies reported the detection of fipronil and imidacloprid, or one or more of their 
degradation products, in aquatic environments in levels exceeding their chronic levels of 
the U.S. EPA aquatic life benchmark for invertebrates of 0.01 μg/L for both insecticides 
(USEPA, 2017). In recent years, many studies have investigated the potential adverse 
effects of these insecticides on non-target organisms; however, the majority of these 
studies have focused on a limited number of commercially beneficial terrestrial 
invertebrates or on selected model organisms in aquatic ecosystems. In particular, Pisa et 
al. (2015) found that, of 376 papers reviewed, the majority focused on the effects of 
fipronil and neonicotinoids on honeybees, and very few studied aquatic invertebrates, 
particularly marine species.  
The objective of this study was to evaluate both lethal and sub-lethal effects of 
the phenylpyrazole fipronil and neonicotinoid imidacloprid on the juvenile brown 
shrimp under observed concentrations in the aquatic environment using multiple 
endpoints such as growth (weight and length), molting, survival, and behavioral change. 
This study was the first to investigate the effects of imidacloprid on brown shrimp. The 
previous experiments investigating the effects of fipronil on brown shrimp (Al-Badran et 
al., 2018) was done only at higher concentrations. The results of this study will fill the 
existing knowledge gap regarding the adverse effects of fipronil and imidacloprid 
insecticides on juvenile penaeid shrimp in estuaries. 
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3.2. Materials and Methods 
3.2.1. Collection of brown shrimp 
Juvenile brown shrimp were collected on June 12, 2017 from Gangs Bayou in 
Galveston Bay (on Sportsman Road, N 29.25549; W 94.91575), Texas, using hand nets 
and a 3-m bag seine of 0.6 cm mesh size. Shrimp were transported to a laboratory in 
Texas A&M University, College Station, Texas in 45-liter coolers supplied with portable 
air pumps. After 4-5 hours of water temperature equilibration (between transportation 
coolers and room temperature), active shrimp were selected for the fipronil experiment 
(weight 0.57 ± 0.008 g and total length 4.41 ± 0.03 cm) and imidacloprid experiment 
(weight 0.81 ± 0.01 g and total length 5.31 ± 0.03 cm). After equilibration, the shrimp 
were moved to larger plastic tanks of 53-liter filled with artificial brackish water made 
using Instant Ocean® Sea Salt and de-chlorinated tap water. 
 
3.2.2. Acclimation period 
Shrimp were acclimated for 9 days to laboratory conditions. During the 
acclimation period, API® Bottom Feeder Shrimp Pellets were used to feed shrimp twice 
a day to meet the nutritional requirements of shrimp (Lovell, 1998) and to ensure the 
palatability and acceptability of the pellets by the shrimp. In order to remove excrement 
and remaining food, the acclimation tanks were cleaned and approximately 50% of their 
water was replaced on a daily basis. Water quality parameters of acclimation tanks were 
as follows: dissolved oxygen, 5.6 ± 0.42 mg/L; salinity, 15.50 ± 0.06‰; temperature, 
24.53 ± 0.04 °C; and pH, 8.03 ± 0.06 for the fipronil experiment, and dissolved oxygen, 
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5.5 ± 0.66 mg/L; salinity, 15.73 ± 0.04‰; temperature, 24.43 ± 0.04 °C; and pH, 8.19 ± 
0.01 for the imidacloprid experiment. I maintained a 12-h: 12-h light: dark cycle by 
controlling lights with a time. After the acclimation period, shrimp were moved to 
aquariums used for the experiments. 
 
3.2.3. Fipronil and imidacloprid experimental solutions 
Both of fipronil, purity limit ≥ 97% (HPLC), and imidacloprid, purity limit 
99.5% (HPLC), were purchased from Fisher Scientific Co. L.L.C., PA, U.S. Based on 
previously reported concentrations in the environment by other researchers (Table 5), 
five concentrations of fipronil (0.005, 0.01, 0.1, 1.0, and 3.0 μg/L) and five 
concentrations of imidacloprid (0.5, 1.0, 15.0, 34.5, 320.0 μg/L) were selected and three 
replicates were used for each concentration (treatment).  
For each experiment, test solutions of the five nominal concentrations were 
prepared by a series of dilutions, beginning with mixing a specific amounts of the 
insecticide powder (0.1 g fipronil, and 0.01 g imidacloprid) in 1 liter of artificial 
brackish water to create a highly homogenized 100 mg/L fipronil suspension and 10 
mg/L imidacloprid solution using a magnetic stirrer. For both experiments, the specific 
dilutions of the nominal concentrations are provided in Supplementary Tables A3 and 
A4. I prepared 21 liters of test solutions for each concentration used in both experiments 
to fill three aquariums (replicates) of 7 liters each. Although the hydrolysis half-life of 
these compounds at 25ºC is much greater than 48 h, fipronil > 100 days (Gunasekara et 
al., 2007) and imidacloprid > 30 days (Kollman and Randall, 1995), 100% of test 
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solutions were changed every 2 days to maintain the concentrations relatively constant 
during the experiment. 
 
Table 5. Fipronil and imidacloprid concentrations observed in the aquatic environment and 
reported in previous studies.  
 
3.2.4. Aquariums and experimental system 
Experimental systems were designed in the same way for both fipronil and 
imidacloprid experiments but using new aquariums and other supplies in both 
experiments. Each system contained 18 glass aquariums of 9.5 liter (30.7 X 15.4 X 20.5 
Fipronil Imidacloprid 
Detected 
concentrations 
(µg/L) 
Reference 
Detected 
concentrations 
(µg/L) 
Reference 
0.0006 - 0.0086 (Harman-Fetcho et al., 2005) 0.016 (Main et al., 2014) 
0.0145 - 0.0274 (Weston et al., 2015) 0 - 0.22 (Lamers et al., 2011) 
0.3 – 0.8 (Chandler et al., 2004) 0.2 – 0.42 (Hook et al., 2018) 
1.0 (Hayasaka et al., 2012a) 0 - 3.3 (Starner and Goh, 2012) 
0.28 - 2.11 (Ensminger et al., 2013) 1.0 - 14.0 (Jemec et al., 2007) 
0.01 - 4.2 (Greenberg et al., 2010) 17.0 - 36.0 (Fossen, 2006) 
3.00 - 4.54 (USGS, 2003) 49.0 (Hayasaka et al., 2012a) 
0.15 - 5.0 (Wirth et al., 2004) 320.0 (Van Dijk et al., 2013) 
0.007 - 6.0 (Gilliom et al., 2006)   
0.004 - 6.41 (Mize et al., 2008)   
0.09 - 10.004 (Ruby, 2013)   
0.0018 – 12.62 (Gan et al., 2012)   
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cm), and each aquarium was considered as one replicate (Supplementary Fig. B1c). In 
order to keep track of shrimp molts individually and to prevent deaths from cannibalism 
among shrimp, each aquarium was divided into six cells of the same size, and one 
individual was assigned to each cell (Supplementary Fig. B1d). A screen was placed on 
each divider to allow water to flow and dissolved oxygen to be distributed evenly among 
the cells (Supplementary Fig. B4b). The dividers were made of fiberglass screen and 
polypropylene plates, materials that are commonly used in aquaculture studies.   
Each aquarium was filled with 7 liters of test solution, and an air pump was used 
to provide air. In addition, all aquariums were covered on the top with glass lids to 
prevent shrimp from jumping out of the water. All sides of the aquariums were also 
covered with aluminum foil to reduce the degradation of the insecticides from exposure 
to light (Supplementary Fig. B1c). The aquariums were organized in three parallel rows. 
In each experiment, one of the six treatments was placed randomly in one of the two-
column blocks of aquariums. 
The fipronil experiment lasted 34 days from June 20, 2017 to July 24, 2017, and 
the imidacloprid experiment lasted 36 days from June 20, 2017 to July 26, 2017. During 
both experiments, shrimp were fed on API® Bottom Feeder Shrimp Pellets twice daily, 
and the amounts of food were adjusted weekly (according to the body weight of shrimp) 
and daily (according to the weight of dead shrimp) using shrimp feeding tables (Lovell, 
1998). The temperature (°C), dissolved oxygen (mg/L), salinity (‰), and pH (water 
quality parameters) were measured with the YSI® Professional plus Multi-parameter 
Meter every other day. 
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3.2.5. Measurements 
I conducted all experimental measurements according to the U.S. EPA guidelines 
(USEPA, 2002) using the static-renewal method, with the test solutions being replaced 
periodically during the experiments. The sample size was determined based on previous 
studies (Shan et al., 2003; USEPA, 2007). 
 
3.2.5.1 Weight gain and total length 
I measured the weight of shrimp in each treatment every week by gently 
weighing each shrimp individually. First, shrimp was moved from its cell in the 
aquarium and placed on paper towel to remove remaining water on the body, and then 
the weight of shrimp was measured by placing the shrimp in a beaker containing a 
known amount of water. By weighing shrimp, I was able to monitor the effect of 
insecticide on growth and to gain information for adjusting the amount of food provided. 
Weight gain of shrimp was calculated using the following equation: 
 
 % Weight gain of shrimp = {(Final weight – Initial weight) / Initial weight} X 100 
 
I also used a caliper (± 0.1 mm) to measure the total length of each shrimp by 
straighten the body of shrimp carefully on the table and measuring the total length from 
the tip of the head to the end of the tail as shown in Supplementary Fig. B4c. 
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3.2.5.2. Molting 
Dates of molts of each individual shrimp in both experiments were recorded and 
used to calculate inter-molt intervals of shrimp in each treatment. Because each shrimp 
was placed in its own cell, I was able to count the number of days between the two 
consecutive molts of a particular individual. 
 
3.2.5.3. Shrimp survival and LC50 
Shrimp movements were monitored many times every day, and the numbers of 
live shrimp were recorded to measure shrimp survivorship during both experiments. 
Shrimp were considered dead if they did not react or show any response during feeding 
time, if they did not swim, jump, escape from a net, or move their swimming legs when 
trying to pick them up for weighing, or if they were in abnormal positions such as laying 
down on the bottom of the aquarium on their back or side without any motion. All dead 
shrimp were removed, counted, and weighed. Data gained by measuring the survivorship 
of shrimp were used to estimate the 96-h acute toxicity levels (LC50) of fipronil. 
 
3.2.5.4. Behavioral and other physical changes 
In both experiments, shrimp were monitored multiple times every day in order to 
record any abnormal activity. The physical appearance of shrimp in each aquarium was 
monitored, and changes such as malformations and changes in body color were recorded 
in comparison with shrimp in the control treatments. 
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3.2.6. Statistical analysis 
Non-parametric statistics were used for some measurements when normal 
distribution of data was not achieved. For example, I used Kaplan–Meier estimator to 
measure the survivorship function of shrimp and non-parametric Log-Rank test to 
compare the survivorship distribution among treatments. I also used the non-parametric 
Kruskal-Wallis test followed by the pairwise Wilcoxon rank sum test to compare 
molting intervals. LC50 value of fipronil was estimated using logistic regression by 
fitting a generalized linear model to the proportion of dead individuals against the 
pesticide concentration with a logit link and binomial distribution using JMP. For all 
other measurements, I used linear regression analysis and One-way Analysis of Variance 
(ANOVA) to determine the significance of differences among treatments compared to 
the control. JMP® Pro 2016 (JMP, 2016) was used to calculate the LC50 toxicity test and 
its 95% confidence intervals, Kruskal-Wallis, ANOVA, and Kaplan–Meier tests, and 
Microsoft Excel 2016 was used for linear regression analysis and to draw all figures. All 
of these statistical analyses were conducted at α = 0.05 significance level. 
 
3.3. Results 
3.3.1. Weight gain and total length  
The initial weight (at the first day of the experiment) of shrimp exposed to 
fipronil was not significantly different among all treatments, and the treatment means 
ranged between 0.56 ± 0.04 g in the 0.01 μg/L treatment and 0.59 ± 0.03 g in the 0.005 
μg/L treatment (ANOVA, P = 0.973). Fipronil had a significant effect on the growth of 
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shrimp during the experiment. Fipronil affected the percent weight gain of shrimp, and 
significant differences were observed between the control (125.9 ± 28.42%) and the 0.1 
μg/L treatment (77.1 ± 21.83% weight gain) (ANOVA, P <0.0001); whereas, there was 
no significant difference between lower fipronil concentrations (0.005 μg/L and 0.01 
μg/L) and the control. The percent weight gain under the latter two concentrations was 
120.17 ± 15.16% and 104.18 ± 28.62%, respectively. I could not calculate the percent 
weight gain under the 1.0 μg/L and 3.0 μg/L treatments because all shrimp died during 
the first days in these treatments (Supplementary Table A5 and Fig. 7a). 
 
 
Figure 7. Wet weight of individual juvenile shrimp (g) during 5 weeks of the experiments. The 
vertical axis is the wet weight (g) of individual shrimp in each treatment, and the horizontal axis 
is the week from the beginning of experiment. Error bars indicate the standard errors (n = 18 in 
fipronil exp. and n = 15 in imidacloprid exp.). (a) Fipronil experiment, (b) Imidacloprid 
experiment.  
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Figure 7 Continued. 
 
 
Shrimp exposed to imidacloprid also exhibited a reduction in growth during the 
experiment. The initial mean weight of shrimp ranged between 0.80 ± 0.06 g in the 15.0 
μg/L treatment and 0.84 ± 0.06 g in the 34.5 μg/L treatment, and there was no significant 
difference among all treatments (ANOVA, P = 0.971) (Supplementary Table A6 and 
Fig. 7b). There were significant differences between the percent weight gains of the 
control (140.3 ± 16.15%) and three higher imidacloprid concentrations (15.0 μg/L, 34.5 
μg/L, and 320.0 μg/L), which showed a reduction in their percent weight gains (64.4 ± 
17.14 g%, 44.0 ± 12.09 g%, and 29.5 ± 16.43 g%, respectively) (ANOVA, P = 0.0008), 
but both 0.5 μg/L and 1.0 μg/L treatments had no significant effect on the percent weight 
gain compared with the control (Supplementary Table A6). 
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There was no significant difference in the initial body length of shrimp exposed 
to fipronil, and it ranged between 4.37 ± 0.15 cm in the 1.0 μg/L treatment and 4.46 ± 
0.09 cm in the control (0.0 μg/L) treatment (ANOVA, P = 0.794) (Supplementary Table 
A7). Starting from week 1 to week 4, significant differences were observed between the 
control and all other fipronil concentrations except the 0.005 μg/L treatment (ANOVA, P 
= 0.004 – 0.04). At the end of the experiment (fifth length measurement), body length of 
the control was 6.32 ± 0.10 cm (Supplementary Table A7). Body length was not 
measured in shrimp under both 1.0 μg/L and 3.0 μg/L treatments because the shrimp 
died during the first days of fipronil exposure. 
In the imidacloprid experiment, the initial body length of shrimp was not 
significantly different among all treatments and ranged between 5.28 ± 0.1 cm in the 
control and 5.38 ± 0.11 cm in the 34.5 μg/L treatment (ANOVA, P = 0.96) 
(Supplementary Table A8). After the second length measurement (week 2) and until the 
final measurement (week 5), there were significant differences between the control and 
other treatments except for the 0.5 μg/L and 1.0 μg/L treatments (ANOVA, P < 0.0001 – 
0.019). At the end of the experiment, body length ranged between 5.91 ± 0.23 cm in the 
320.0 μg/L treatment and 7.07 ± 0.12 cm in the control (Supplementary Table A8). 
 
3.3.2. Molting 
In the fipronil experiment, shrimp under the control (0.0 μg/L) showed the 
shortest inter-molt interval (7.57 ± 2.17 day) compared with other treatments, 0.005 
μg/L, 0.01 μg/L, and 0.1 μg/L, which had inter-molt intervals of 9.29 ± 4.22 days, 9.47 ± 
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2.73 days, and 9.20 ± 2.93 days, respectively (Fig. 8a). The inter-molt interval of the 
control group differed significantly from treatment 0.01 μg/L (P = 0.0117); whereas, 
there was no difference with treatments 0.005 μg/L and 0.1 μg/L. Shrimp under the 1.0 
μg/L and 3.0 μg/L treatments died during the first days of the experiment; thus I could 
not observe consecutive molts to calculate the inter-molt intervals. 
Shrimp under imidacloprid exposure showed a significant difference in inter-
molt interval between the control (8.43 ± 2.52 day) and all other treatments (P = 0.0020 
– 0.045). Inter-molt intervals under imidacloprid exposure ranged between 10.50 ± 4.04 
day in the 15.0 μg/L treatment and 11.95 ± 4.9 day in the 0.5 μg/L treatment (Fig. 8b). 
 
 
 
Figure 8. Inter-molt intervals of juvenile shrimp. The vertical axis is the time (days) between 
consecutive molts of the same individual, and the horizontal axis is the six insecticide 
concentrations (µg/L) including the control. Error bars indicate the standard errors (n = 18 in 
fipronil exp. and n = 15 in imidacloprid exp.). m is the average number of molts of individual 
shrimp in each treatment. (a) Fipronil experiment, (b) Imidacloprid experiment.  
 
 53 
 
 
Figure 8 Continued. 
 
3.3.3. Shrimp survival and LC50 
In the fipronil experiment, survivorship of shrimp under higher fipronil 
concentrations (1.0 μg/L and 3.0 μg/L) decreased rapidly during the first week of the 
exposure, and all shrimp died by day 6 and day 1, respectively. During the first week, 
survival rate in the control (100%) was significantly different from that in the 0.1 μg/L 
treatment (44.44%, P = 0.0006) (Supplementary Table A9). The survivorship after week 
2 differed significantly between the two lowest concentrations (control and 0.005 μg/L) 
and two higher concentrations (0.01 μg/L and 0.1 μg/L) (P < 0.0001) (Supplementary 
Table A9). Lethal concentration of fipronil to reach 50% mortality of shrimp within 96 
hours (96-h LC50) of the juvenile brown shrimp was 0.12 μg/L with 95% confidence 
intervals 0.06 - 0.24 (Supplementary Fig. B5).  
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In the imidacloprid experiment, shrimp showed higher survivorship percentage 
during the first 2 weeks compared with those in the fipronil experiment, and there was 
no significant difference among treatments including the control (Supplementary Table 
A10). Starting from week 3, however, significant differences were observed in the 
survivorship of shrimp in treatments of higher concentrations. At the end of the 
experiment (34 days), the control treatment showed significant differences in the 
survival rate (100%) compared with the 15.0 μg/L, 34.5 μg/L, and 320.0 μg/L 
treatments, which had survival rates of 66.6%, 40%, and 33.3%, respectively (Kaplan-
Meier survival analysis followed by the non-parametric Log-Rank test, P < 0.0001). 
However, there were no significant differences among the control (100% survival), 0.5 
μg/L (93.3% survival) and 1.0 μg/L treatment (86.6% survival) according to the Kaplan-
Meier survival analysis (Supplementary Table A10). 
 
3.3.4. Behavioral and other physical changes 
Swimming and feeding behaviors of brown shrimp under exposure to fipronil 
and imidacloprid changed noticeably in comparison with those in the control treatments. 
These changes were consistent between fipronil and imidacloprid exposures, and a 
sequence of changes in behaviors was observed from the first day of the exposure (in 
some treatments) until the death of the affected shrimp. First, affected shrimp became 
unable to swim normally, and they started exhibiting circle-like movements. After that, 
shrimp stopped moving and sprawled on the bottom of an aquarium at the same time 
their swimming legs kept moving involuntary. Then, their swimming legs stopped 
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moving, and they died. Shrimp in the fipronil experiment showed these behavioral 
changes after only 1 day of exposure and even in the lowest concentration (0.005  μg/L). 
Similarly, shrimp under imidacloprid exposure showed the same behavioral changes by 
day 1 in all treatments except in the 0.5 μg/L treatment (lowest imidacloprid 
concentration). Under the lowest imidacloprid concentration, these changes started by 
day 5. During all of these abnormal swimming behaviors, shrimp exhibited difficulty in 
feeding, and food remained in aquariums that were cleaned routinely. 
At the end of the experiments, visible changes in color were noticed in shrimp 
bodies under exposure to either pesticide. Fig. 9 shows the changes in color of shrimp 
from the normal bright color under the control to gray and dark body color of shrimp in 
treatments of high fipronil and imidacloprid concentrations.  
 
Figure 9. Shrimp in different concentrations (μg/L) of insecticide at the end of the experiments. 
(a) Control 0.0 μg/L fipronil, (b) 0.005 μg/L fipronil, (c) 0.01 μg/L fipronil, (d) 0.1 μg/L fipronil, 
(e) Control 0.0 μg/L imidacloprid, (f) 0.5 μg/L imidacloprid, (g) 1.0 μg/L imidacloprid, (h) 15.0 
μg/L imidacloprid, (i) 34.5 μg/L imidacloprid, (j) 320.0 μg/L imidacloprid. 
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Figure 9 Continued. 
 
In the fipronil experiment, shrimp exposed to higher concentrations (1.0 μg/L and 3.0 
μg/L) died during the first days and did not show color changes. 
 
3.3.5. Water quality 
In both fipronil and imidacloprid experiments, all water quality parameters were 
within suitable ranges that fit the environmental requirements of brown shrimp (Lassuy, 
1983). Statistical analysis of these parameters showed no significant differences among 
treatments during the experiments. In the fipronil experiment, the mean values of water 
quality parameters were the following: temperature, 24.12 ± 0.06 °C; dissolved oxygen 
(DO), 5.82 ± 0.41 mg/L, salinity, 15.02 ± 0.14‰; and pH, 8.01 ± 0.06 (Supplementary 
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Table A11). In the imidacloprid experiment, mean values were the following: 
temperature, 24.34 ± 0.03 °C; dissolved oxygen (DO), 5.87 ± 0.06 mg/L, salinity, 15.48 
± 0.08‰; and pH, 8.15 ± 0.05 (Supplementary Table A12). 
 
3.4. Discussion 
In the present study, all nominal concentrations of fipronil and imidacloprid were 
within the range of the concentrations reported in recent studies (Hayasaka et al., 2012a; 
Ruby, 2013; Van Dijk et al., 2013; Main et al., 2014) for both insecticides (Table 5). The 
results showed that, for both insecticides, significant differences were observed in the 
final weight and final length (length at week 5) of shrimp under many of these 
concentrations compared with the control (Supplementary Tables A5, A6, A7, and A8) 
suggesting the insecticides have effects to reduce growth of shrimp. Reduction in growth 
of aquatic arthropods resulting from contaminants has been demonstrated in several 
other studies: e.g., the Glyphosate-based herbicide (Roundup®) on freshwater shrimp C. 
nilotica (Mensah et al., 2012b), petroleum hydrocarbons from oil spill on juvenile brown 
shrimp F. aztecus and white shrimp L. setiferus (Rozas et al., 2014), and imidacloprid on 
midge Chironomus tentans, amphipod Hyalella azteca (Stoughton et al., 2008), and 
harlequin fly Chironomus riparius (Azevedo-Pereira et al., 2011). However, I note that 
growth of juvenile blue crabs C. sapidus showed a significant increase under all 
treatments of fipronil compared to the control in a short-term (96-h) experiment (Goff et 
al., 2017), suggesting the effects of insecticides on growth may not be always negative. 
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Many reasons could explain the reduced growth of juvenile brown shrimp under 
fipronil and imidacloprid exposures in the present study. For example, organisms in 
polluted environments use the metabolic energy to detoxify the contaminant. Therefore, 
this will affect their growth performance by affecting the metabolism of protein and 
carbohydrate (Frontera et al., 2011). Shrimp is known to derive energy more efficiently 
from protein compared with carbohydrates and lipids (Gauquelin et al., 2007); 
consequently, fipronil and imidacloprid in this study may have affected brown shrimp 
growth by reducing protein levels in bodies of those under exposure compared with 
shrimp in the control, which in turn affected their growth (Supplementary Tables A5, 
A6, A7, and A8). Alternatively, the reduction in growth may also be caused by reduced 
feeding. Both insecticides are neurotoxins, which act by disrupting the central nervous 
system activity of exposed arthropods either by blocking the chloride channels at the 
gamma-aminobutyric acid (GABA) by fipronil (Ecobichon, 1996) or by binding strongly 
to the nicotinic acetylcholine receptor (nAChR) by imidacloprid (Morrissey et al., 2015). 
These effects on the nervous system activities may suppress feeding of invertebrates 
(Hasenbein et al., 2015). Regardless of the underlying mechanisms, the reduced growth 
from the insecticide is a great concern because the survival of juvenile brown shrimp is 
thought to be size dependent (Minello et al., 1989) and the abundance of adult white 
shrimp, which has very similar life history as brown shrimp has been demonstrated to be 
very sensitive to survival during the juvenile stage (Baker et al., 2014). 
Molting in arthropods is a useful endpoint to test sub-lethal exposure of 
chemicals, and considered one of the most important physiological processes for these 
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animals because in order to grow normally they have to cast their exoskeleton 
periodically (Lachaise et al., 1993; OECD, 2005). The molting process is regulated by 
hormones and nervous system secretions; therefore, it is susceptible to the negative 
effects of endocrine disrupting chemicals (EDCs) including many pesticides (OECD, 
2005), such as fipronil (Volz et al., 2003) or those that act like EDCs such as 
imidacloprid (Baines et al., 2017). In my study, both fipronil and imidacloprid affected 
molting of brown shrimp with significant differences between the control and other 
treatments. Inter-molt interval of shrimp under fipronil exposure was significantly 
delayed under the 0.01 μg/L treatment compared with the control (Fig. 8a). This result is 
consistent with my previous study, which showed the prolonged inter-molt intervals 
under the 0.1 μg/L and 1.0 μg/L treatments compared with the control (Al-Badran et al., 
2018). Under imidacloprid exposure in the current study, shrimp exposed to all 
treatments showed a significant delay (P = 0.0020 – 0.045) in their inter-molt intervals 
(10.9 ± 3.97 day in 34.5 μg/L to 11.9 ± 4.90 day in 0.5 μg/L) compared with shrimp in 
the control (8.4 ± 2.52 day) (Fig. 8b). Many studies have reported similar delays in 
molting of marine and freshwater arthropods after exposing them to different pesticides 
(Al-Badran et al., 2018). Such delay in molting of shrimp may be linked to the reduction 
in growth and suggests that normal development of shrimp was affected even under 
concentrations below 0.01 μg/L of fipronil. 
This study showed that survival of juvenile brown shrimp was concentration-
dependent for both insecticides (Supplementary Tables A9 and A10). Fipronil and 
imidacloprid caused significant lethal and sub-lethal effects on shrimp especially in 
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higher concentrations. Under fipronil exposure, all shrimp died during the first few days 
in the 1.0 μg/L and 3.0 μg/L treatments, and survivorship declined significantly (P < 
0.0001) under the 0.1 μg/L (33.33%) and 0.01 μg/L (72.21%) treatments compared with 
the control (100% survival) (Supplementary Table A9). Under imidacloprid exposure, 
survivorship declined significantly (P < 0.0001) in the 320.0 μg/L (33.33%), 34.5 μg/L 
(40.0%), and 15.0 μg/L (66.66%) treatments compared with the control (100%) 
(Supplementary Table A10). 
The nominal 96-h LC50 of fipronil for brown shrimp was 0.12 μg/L (0.06 - 0.24). 
This suggests brown shrimp is one of the most sensitive crustaceans to fipronil among 
all aquatic invertebrates studied so far. This 96-h LC50 for brown shrimp is less than that 
for estuarine mysid shrimp Neomysis americana LC50 = 0.14 μg/L reported in Gan et al. 
(2012). Other sensitive marine invertebrates include estuarine grass shrimp P. pugio with 
a 96-h LC50 of 0.32 μg/L (Key et al., 2003; Overmyer et al., 2007), estuarine copepod A. 
tenuiremis with a 96-h LC50 of 6.8 μg/L (Chandler et al., 2004), and estuarine Chinese 
mitten crab E. sinensis with a 96-h LC50 of 8.56 μg/L (Shan et al., 2003). Many previous 
studies reported the greater sensitivity of marine invertebrates to fipronil compared with 
freshwater invertebrates, such as the copepod A. robustus with a 48-h LC50 of 194.2 
μg/L (Chaton et al., 2002), the water flea D. magna with a 48-h LC50 of 190.0 μg/L 
(USEPA, 1996b), and the red swamp crayfish P. clarkia with a 96-h LC50 of 163.5 μg/L 
(Overmyer et al., 2007). As for imidacloprid, I could not measure the LC50 for brown 
shrimp because there was not enough mortality in shrimp during the first 96 hours of the 
exposure under the concentrations used in this study.  
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I also note that the LC50 of fipronil measured in this study (0.12 μg/L) was below 
the LC50 measured in my previous study in 2016, 1.3 μg/L (Al-Badran et al., 2018). This 
may be because of the difference in the temperature between the two studies: 20.84°C ± 
0.24 (in 2016 study) and 24.12°C ± 0.06 (in present study). Although temperature was 
increased, these water temperatures are considered within the optimum range for brown 
shrimp development (18°C to 25°C) (Lassuy, 1983). I increased water temperature from 
the previous study because I expected shrimp to experience higher temperatures during 
summer months in estuaries and previous shrimp experiments by others were often 
conducted at higher temperatures (e.g., Zein-Eldin and Aldrich, 1965; Adamack et al., 
2012; Leo et al., 2018). Effect of temperature on toxicity of pesticides has been observed 
in other studies. For example, Russo et al. (2018) noted that, of many environmental 
parameters investigated, temperature was the only parameter that magnified the effect of 
pesticide exposure on the crustacean G. pulex in streams. Willming et al. (2013) also 
reported that the 10-day LC50 for the crustacean H. azteca exposed to the fungicide 
chlorothalonil was lower under the fluctuating temperature regime compared with that 
under the constant temperature regime. I suggest further studies to investigate the effects 
of temperature on insecticides toxicity as the temperature in the subtropical estuaries 
(habitat for juvenile brown shrimp) can change greatly among seasons. 
Behavioral changes are useful biomarkers to evaluate sub-lethal exposure effects 
of contamination (Tu et al., 2010). Long-term behavioral changes can be detected even 
at low doses of pesticides, and the behavior can reveal a great deal about the systems and 
processes influenced by pesticides (Raley-Susman, 2014). In the current study, shrimp in 
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both experiments exhibited behavioral changes such as restricted swimming and 
mobility, paralysis, and feeding delay, starting from the first day of exposure even in 
treatments of low fipronil concentrations (0.005 and 0.01 µg/L); whereas, those exposed 
to a low imidacloprid concentration (0.5 µg/L) did not show any behavioral changes 
until day 5 of the exposure. Similar behavioral changes were reported in studies that 
tested the effect of fipronil, imidacloprid, and other pesticides on aquatic invertebrates. 
For example, Overmyer et al. (2005) observed abnormal behavior and muscle control in 
the aquatic insect S. vittatum under all tested fipronil and imidacloprid concentrations. 
Similarly, Stratman et al. (2013) showed that the chironomid midge C. lebetis exposed to 
different concentrations of fipronil exhibited abnormal behaviors such as movement 
restriction and feeding reduction at all tested concentrations. Behavioral changes could 
be direct consequences of pesticides on the central nervous system of organisms (Roque 
et al., 2005). These changes may have substantial ecological effects to the organisms by 
shifting them to unfavorable habitats or even by making them more sensitive to 
predators, and eventually leading to indirect lethal responses of pollutants at sub-lethal 
levels (OECD, 2005). In particular, the major mortality of juvenile brown shrimp is 
considered to be predations (Minello et al., 1989), and small effects on their behavior 
may cause substantial reduction in their in situ mortality rate.  
In both experiments, shrimp showed darker body color in treatments of higher 
concentrations of insecticides compared with those in control, which had normal bright 
color as they do in nature. It also appears to be a concentration-dependent color change, 
and shrimp under fipronil exposure were much darker than those under imidacloprid 
 63 
 
exposure. In another study, Martinez et al. (2014) reported that Pacific white shrimp L. 
vannamei exposed to low concentrations of heavy metals such as copper were 
significantly redder than those in controls. In shrimp and other crustaceans, many 
environmental factors are known to affect body color by affecting pigment dispersion 
within the chromatophores (O’Halloran, 1990), which are regulated by neurosecreted 
hormones (Fernlund and Josefsson, 1972). However, in this study, factors such as light 
intensity, background color, and temperature which are known to have an effect on body 
color of shrimp were carefully controlled. Color changes under fipronil and imidacloprid 
insecticides were observed in the exoskeleton and abdominal muscle of juvenile brown 
shrimp as shown in Fig. 9. Body color may be used as an indicator of the health of 
shrimp (Martinez et al., 2014) and environment (Fingerman  et al., 1998); consequently, 
I suggest that color change of penaeid shrimp needs more investigation because it could 
be used as an indicator of long-term effects of sub-lethal exposure to environmental 
neurotoxins such as fipronil, imidacloprid or other commonly used pesticides. 
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CHAPTER IV  
THE ADVERSE EFFECTS OF PHENYLPYRAZOLE FIPRONIL ON JUVENILE 
WHITE SHRIMP LITOPENAEUS SETIFERUS  
 
4.1. Introduction 
Pesticide use has increased in recent years especially in developed countries, and 
many studies have documented the adverse side effects of these chemical compounds on 
wildlife, especially on aquatic organisms (Pritchard, 1993; Clasen et al., 2012; Osterberg 
et al., 2012; Roessink et al., 2013; Mahmoud, 2017). Fipronil is a phenylpyrazole 
insecticide introduced to the market in 1993 (USEPA, 1996b; Gunasekara et al., 2007). 
Because of the widespread use, mobility in soil, solubility in water, and a moderate level 
of persistence in the environment, fipronil can flow into surface water, and many studies 
have reported its detection in aquatic environments reaching 12.62 µg/L, which exceeds 
the acute level of the aquatic life benchmark for invertebrates (0.1 µg/L) according to the 
U.S. EPA (USGS, 2003; Wirth et al., 2004; Harman-Fetcho et al., 2005; Gilliom et al., 
2006; Mize et al., 2008; Greenberg et al., 2010; Gan et al., 2012; Hayasaka et al., 2012b; 
Ensminger et al., 2013; Ruby, 2013; Weston et al., 2015; USEPA, 2017). The pesticide 
runoff can eventually flow into estuaries.   
In the last two decades, fipronil has been used commonly in many parts of the 
world and has played an essential role in pest control in both agricultural and non-
agricultural uses because of its high effectiveness (especially on arthropods) at low field 
application rates (Chaton et al., 2002; Gunasekara et al., 2007; Kurz et al., 2013). 
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However, recent studies have reported the potential effects of fipronil and its degradation 
products on non-target terrestrial and aquatic organisms such as birds, honeybees, fish, 
and aquatic invertebrates. Consequently, fipronil use was banned in China in 2009 and 
the European Union countries in 2013 (Wu et al., 2014; Wu et al., 2015). Fipronil is still 
used in the United States, in many states such as Texas, Louisiana, California, and South 
Carolina for various purposes. Moreover, its use recently has been increased in some of 
these areas. In particular in Texas, the quarantine exemption was issued by the U.S. EPA 
to the Texas Department of Agriculture in 2016, permitting the expanded use of fipronil 
to control the infestation of tawny crazy ants N. fulva in southeastern counties of Texas, 
which are adjacent to estuaries in the Gulf of Mexico (Fig. 1) (USEPA, 2016). 
White shrimp L. setiferus is an estuarine-dependent species distributed from the 
west coast of Florida to the Bay of Campeche, Mexico (Ball and Chapman, 2003; 
Wenner et al., 2005). It is considered one of the most important species for commercial 
and recreational harvest along the Atlantic coast of the southeastern United States and in 
the Gulf of Mexico (DeLancey et al., 2005). In 2017, the annual commercial landing of 
white shrimp in the United States was 58,144 metric ton worth about $263.5 million 
(NMFS, 2019). In addition to the economic importance of white shrimp, it has a 
significant ecological role as prey for many fish species such as the spotted seatrout 
Cynoscion nebulosus, red drum Sciaenops ocellatus, and southern flounder Paralichthys 
lethostigma, which support important fisheries throughout the Gulf of Mexico area 
(Fujiwara et al., 2016). Because white shrimp use estuaries as a nursery habitat during 
their juvenile stage, the increased use of fipronil in coastal communities as well as the 
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continuous detection of pesticides residues in estuarine waters are serious concerns 
(Chandler et al., 2004; Mace III and Rozas, 2015). 
Consequently, the objective of this study was to investigate the impact of fipronil 
under concentrations that were previously observed in different aquatic environments on 
juvenile white shrimp. This type of study has not been done with this particular species 
despite its economic importance and its potential exposure to the pesticide. Therefore, I 
exposed juvenile white shrimp in a laboratory to different concentrations of fipronil and 
measured survival, development (percent weight gain and inter-molt intervals), body 
composition, and behavioral endpoints. 
 
4.2. Material and Methods 
4.2.1. Test organism and acclimation period 
Juveniles white shrimp were sampled in the Gangs Bayou (on Sportsman Road N 
29.25549; W 94.91575) in Galveston Bay, Texas (Fig. 10) on August 11, 2016. Bag 
seine (3-m length and 0.6 cm mesh size) and hand nets (0.1 cm mesh size) were used. 
Average initial weight and total length of collected shrimp were 0.80 ± 0.08 g and 5.23 ± 
0.58 cm, respectively. The shrimp were transported to a laboratory at Texas A&M 
University, College Station, Texas, in aerated 45-liter coolers. In the laboratory, shrimp 
were kept in the coolers for approximately 5 hours for equilibrating to room temperature. 
Then, shrimp were counted and measured. Subsequently, shrimp were moved to 53-liter 
tanks with aerated synthetic brackish water prepared with Instant Ocean® Sea Salt and 
de-chlorinated tap water for further acclimation. 
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Figure 10. Location of the Gangs Bayou in Galveston Bay, Texas where juveniles white shrimp 
were sampled before the beginning of the experiments. Image is taken from Google Maps.  
 
In the acclimation tanks, shrimp were kept under controlled laboratory conditions 
for 15 days. Water quality parameters were measured daily using the YSI® Professional 
plus Multi-parameter Meter. Photoperiod was controlled in a 12 hour light: 12 hour dark 
cycle. Furthermore, to be able to fulfill the daily nutritional requirements of shrimp as 
described in Lovell (1998), API® Bottom Feeder Shrimp Pellets were used to feed 
shrimp twice daily. This also ensured that shrimp were accustomed to the feed pellets 
before conducting the experiments. Using a siphon, uneaten feed and shrimp feces were 
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removed, and approximately 40-50% of the water in acclimation tanks was replaced on a 
daily basis.  
 
4.2.2. Experimental solutions 
Fipronil (purity limit ≥ 97%) was purchased from Fisher Scientific Co. L.L.C., 
PA, U.S. Depending on the environmental concentrations of fipronil reported previously 
in the published literature (Table 5), five nominal concentrations of fipronil (0.005, 0.01, 
0.1, 1.0, and 3.0 μg/L) were chosen in the current study. Two replicate tanks of shrimp 
were used for each treatment. 
All nominal experimental solutions were prepared by mixing specific quantities 
of the insecticide with water in multiple dilution steps starting with mixing 0.1 g fipronil 
in 1 liter of water to make 1 liter of highly homogenized 100 mg/L fipronil suspension. 
Then, for each nominal concentration (treatment), I created 14 liters of its test solution to 
be used in two aquariums (replicates) of 7 liters each. All dilution steps to prepare the 
nominal concentrations are provided in the Supplementary Table A13. Although the 
hydrolysis half-life of fipronil at 25ºC is > 100 days (Gunasekara et al., 2007), 100% of 
test solution of each concentration were replaced every 2 days in order to maintain the 
constant concentrations of fipronil in each treatment during the experiment. 
 
4.2.3. Experimental system and exposure tests 
The experimental system consists of 12 glass aquariums (9.5 liter, dimensions 
30.7 X 15.4 X 20.5 cm), where each aquarium represented one replicate of the fipronil 
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treatments and the control (six treatments X two replicates) (Supplementary Fig. B4a). 
Each aquarium was filled with 7 liters of test solution, and a Topfin® AIR-8000 air 
pump was used to provide air to the aquaria via an airstone. To avoid cannibalism 
among shrimp and to monitor molting of each shrimp, barriers made of polypropylene 
plates and fiberglass screen (materials that are commonly used in aquaculture 
experiments) were used to divide each aquarium into six cells of equal size 
(Supplementary Fig. B4b and B1d), and one individual shrimp was placed in each cell. 
The screen in the middle of the barriers allowed flow of water and better distribution of 
dissolved oxygen among the cells.  
Each aquarium in the experimental system was covered from the top with 
fiberglass screen and a glass lid to prevent shrimp from jumping into the adjacent cells 
or escaping outside the aquarium. Additionally, to avoid the photo-degradation of 
fipronil, all sides of the aquariums were fully covered using aluminum foil 
(Supplementary Fig. B4a). During the experiment, which lasted 45 days, shrimp were 
fed twice daily the same type of feed used during the acclimation period. Using shrimp 
feeding tables (Lovell, 1998), feed quantities were adjusted every day (if there was death 
of shrimp) and every 9 days (based on the changes in body weight). All water quality 
parameters, temperature (°C), dissolved oxygen (mg/L), salinity (‰), and pH, were 
measured every other day. 
The number of shrimp in each aquarium and number of replicates used for each 
treatment were selected based on similar experiments done by other researchers (Shan et 
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al., 2003; USEPA, 2007). In addition, all exposure tests of this study were conducted 
using the static-renewal method according to the U.S. EPA guidelines (USEPA, 2002). 
 
4.2.3.1. Survival 
Shrimp mobility was monitored multiple times per day, i.e., at feeding times, 
measuring water quality parameters, and replacing the test solutions. Any dead shrimp 
found during the monitoring were removed from the aquarium, weighed (to adjust food 
amount for the remaining live shrimp), and kept in a freezer at −18 °C for later 
compositional analysis. Each dead shrimp was carefully checked for any sign of 
movement after being taken out of water to confirm death.  
 
4.2.3.2. Growth  
4.2.3.2.1. Weight gain  
Percent weight gain of shrimp was calculated by measuring the weight of shrimp 
every 9 days. At the time of weight measurement, each individual shrimp was weighed 
separately by gently removing it from the water and using a paper towel to remove any 
excess water on its body. Then, the weight of shrimp was measured by placing it in a 
beaker containing water on a scale after zeroing it. The percent weight gain of each 
shrimp was calculated using this equation: 
 
% Weight gain of shrimp = {(Final weight – Initial weight) / Initial weight} x 100 
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Based on the weight measurement, I adjusted food quantity in each aquarium to 
be consistent with increased or decreased weight of shrimp and based on the nutrition 
tables for shrimp (Lovell, 1998).  
 
4.2.3.2.2. Inter-molt intervals 
By assigning each individual shrimp in its own cell in an aquarium 
(Supplementary Fig. B4a), I was able to follow and record the dates of molting, which 
were used to calculate the inter-molt intervals of shrimp exposed to each concentration 
of fipronil.  
 
4.2.3.3. Behavioral and body color changes 
Any abnormal activities of shrimp were noted and recorded on video multiple 
times per day. In addition, any changes in the physical appearance of shrimp, such as 
change in body color, were monitored and compared later with shrimp in the control 
group. 
 
4.2.3.4. Chemical analysis of body composition 
Chemical composition of the whole body of shrimp was measured at the end of 
the experiment. On the last day, all remaining live shrimp in each treatment were 
collected and euthanized by freezing them at −18 °C. All shrimp used in each treatment, 
12 shrimp per fipronil concentration, were used in the body chemical composition 
analysis. First, dry matter of each group of shrimp was measured by weighing a sample 
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of 2.0 g wet shrimp using a pre-weighed porcelain crucible and then weighing the 
crucible with the sample again after placing them in an oven at 135 °C for 3 hours 
(AOAC, 1990). Then dry matter was calculated using this equation: 
% Dry matter = (Dry weight / Wet weight) x 100  
Ash was measured using the muffle furnace by placing dry matter samples of 
shrimp at 550 °C for 3 hours (AOAC, 1990), then using the following equation to 
calculate % ash in shrimp:  
% Ash = (Ash weight / Dry weight) x 100  
Lipids were estimated by using the method of chloroform/methanol 2:1 
extraction as described by Folch et al. (1957) and the following equation: 
% Lipid = {(Weight of 10 ml aliquot/10 ml) x (15 ml/Dry weight)} x 100  
Finally, a LECO protein analyzer was used to measure the total nitrogen in 
shrimp samples with the Dumas protocol (AOAC, 2005), and nitrogen was multiplied by 
6.25 to estimate crude protein content.  
 
4.2.4. Statistical analysis 
Kaplan–Meier estimator followed by the non-parametric Log-Rank test was used 
to estimate the survivorship of shrimp exposed to each concentration of fipronil and to 
compare the survivorship distribution among treatments. I also used the non-parametric 
Kruskal-Wallis test followed by the pairwise Wilcoxon rank sum test to analyze shrimp 
molting data. For all remaining measurements, One-way Analysis of Variance 
(ANOVA) and linear regression analyses were conducted to estimate the significant 
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differences between the control group and all fipronil treatments. These statistical 
analyses were conducted at α = 0.05 significance level using JMP® Pro 2016 (JMP, 
2016) for the Kaplan-Meier, Kruskal-Wallis, and ANOVA tests. I used Microsoft Excel 
2016 to test for the linear regression and to draw all related figures. 
 
4.3. Results 
4.3.1. Water quality parameters 
During the experiment, water quality parameters were measured every other day, 
and their means were as following: temperature, 21.06 ± 0.14 °C; dissolved oxygen, 5.49 
± 0.19 mg/L; salinity, 15.15‰ ± 0.04; and pH, 8.21 ± 0.07 (Supplementary Table A14). 
In addition, all water quality parameters measured in this study were within the levels 
that satisfy the environmental needs of white shrimp according to Muncy (1984).  
 
4.3.2. Survival 
There was no significant difference in the survivorship of shrimp exposed to the 
control (survival rate 100%) and the three lowest fipronil concentrations (0.005 μg/L, 
0.01 μg/L, and 0.1 μg/L), which showed final survival of 83.3% ± 23.57, 100%, and 
83.3% ± 0.0, respectively. However, significant differences between the control and two 
higher concentrations (1.0 μg/L and 3.0 μg/L) were observed starting after 18 days 
(Kaplan-Meier survival analysis followed by the non-parametric Log-Rank test, P < 
0.0001). In both 1.0 μg/L and 3.0 μg/L treatments, shrimp showed a gradual decrease in 
 74 
 
survival from 100% to 25% in the 1.0 μg/L treatment, and to 0.0% in the 3.0 μg/L 
treatment (Table 6 and Fig. 11). 
 
 
Figure 11. Kaplan-Meier survivorship curves of juvenile white shrimp under different 
concentrations of fipronil during 45 days of exposure. According to the non-parametric Log-
Rank test, treatments of higher concentrations of fipronil were significantly different from the 
control (P < 0.0001). Day 1 is 24-h after the beginning of the experiment.  
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Table 6. Survival rate (mean ± standard deviation) of juvenile white shrimp starting from day 1 to the end of the experiment on day 45. n 
= number of shrimp in each treatment (6 shrimp per replicate aquarium, 2 aquariums per treatment). Values with star (*) indicate treatment 
is significantly different from the control (p ˂ 0.0001). Time between each two consecutive measurements is 9 days. 
 
 
 
 
 
Fipronil 
concentrations 
(µg/L)
 
n
 
Survival % 
Day 1   Day 9 Day 18 Day 27 Day 36 Day 45 
Control 12 100 100 100 100 100 100 
0.005 12 100 91.66 ± 11.78 91.66 ± 11.78 91.66 ± 11.78 91.66 ± 11.78 83.33 ± 23.57 
0.01 12 100 100 100 100 100 100 
0.1 12 100 100 91.66 ± 11.78 83.33 83.33 83.33 
1.0 12 100 83.33 83.33* 41.66 ± 58.92 33.33* ± 47.13 25.00* ± 35.35 
3.0 12 100 83.33 ± 23.57 50.00* 24.99* ± 11.78 24.99* ± 11.78  
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4.3.3. Growth 
4.3.3.1. Weight gain 
The wet weight of shrimp measured at the beginning of the experiment (initial 
weight) was 0.70 ± 0.02 g in the 0.005 μg/L treatment and 0.93 ± 0.04 g in the 3.0 μg/L 
treatment. The final weight of shrimp was 0.38 ± 0.53 g in the 1.0 μg/L treatment and 
1.19 ± 0.01 g in the control, which was not significantly different from other treatments 
except the 1.0 μg/L treatment (ANOVA, P < 0.05). All the values of final weight and 
percent weight gain measured in this study were based on the wet weight of shrimp in 
the two replicates of each treatment, except treatment 1.0 μg/L where all shrimp died in 
one of its replicates before day 45, thus the final weight measured was for the remaining 
shrimp in one replicate (Supplementary Table A15). 
Growth of shrimp was clearly affected by fipronil exposure under all 
concentrations used in this study, where the percent weight gain declined significantly 
with increasing fipronil concentration from 51.6% ± 2.29 in the control to -2.6% in the 
1.0 μg/L treatment; whereas, treatments 0.01 μg/L and 0.1 μg/L showed percent weight 
gain of 33.8% ± 2.70 and 17.4% ± 0.11, respectively (Supplementary Table A15 and 
Fig. 12). Statistical analysis of the weight gain showed significant differences between 
the control and all treatments including the 0.005 μg/L treatment, which had percent  
weight gain of 41.2% ± 5.25 (ANOVA, P < 0.05).  
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Figure 12. Percent weight gain of juvenile white shrimp at multiple time periods from the first 
day to the end of the experiments. The horizontal axis represents the experiment period where 
measurements were taken each 9 days while the vertical axis represents the % weight gain per 
individual shrimp in each treatment. Stars above the curve indicate that fipronil treatment was 
significantly different from the control at the time of measurement. One-way Analysis of 
Variance showed that all treatments were significantly different from the control by the end of 
the experiment (P < 0.05). Error bars indicate the standard errors (n = 12). 
 
4.3.3.2. Inter-molt intervals 
Shrimp in the control showed shorter inter-molt intervals (13.6 ± 1.98 day) 
compared with all other treatments, where the inter-molt intervals ranged between 14.8 ± 
3.10 day in the 0.005 μg/L treatment and 20.0 ± 4.24 day in the 3.0 μg/L treatment. The 
regression analysis showed that inter-molt intervals of shrimp increased significantly 
with fipronil concentration (P = 0.001) (Fig. 13).  
The number of molts per individual shrimp was affected by fipronil exposure. It 
was greatest in the control treatment (m = 2.16), and it showed a gradual decline as 
fipronil concentration increased (Fig. 13). 
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Figure 13. Inter-molt intervals of juvenile white shrimp exposed to multiple concentrations of 
fipronil for 45 days. The vertical axis represents time (per day) of the inter-molt intervals of 
shrimp while the horizontal axis represents the six fipronil concentrations (µg/L) used in the 
experiment. m is the average number of molts of individual shrimp in each treatment. Regression 
analysis showed that inter-molt intervals increased significantly with fipronil concentration (P = 
0.001). Error bars indicate the standard errors (n = 12). 
 
4.3.4. Behavioral and body color changes 
Changes in swimming and feeding behavior of shrimp were observed during the 
45 days of the experiment under all fipronil concentrations compared with those in the 
control. Shrimp started losing control of their swimming behavior and exhibited 
abnormal loop-like movements; then their swimming legs started moving fast 
involuntarily while shrimp were on their sides or backs on the bottom of the aquarium 
and unable to change their position. After that, they just stopped moving any parts of 
their bodies and died. During the exposure time and until their death, shrimp were 
unable to eat provided feed normally and remaining feed was noticed in the cells of all 
affected shrimp.  
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Timing of the onset of these abnormal behaviors differed among treatments, and 
it was concentration dependent. For example, shrimp in treatments of higher fipronil 
concentrations (1.0 μg/L and 3.0 μg/L) showed these abnormal behaviors by day 2; 
whereas, behavioral changes in lower fipronil concentrations (0.1 μg/L and 0.01 μg/L 
treatments) did not start until day 10. In the same way, these changes were only noticed 
among shrimp in the lowest fipronil concentration (0.005 μg/L) after 20 days from the 
beginning of the experiment. 
In addition to the behavioral changes, changes in the body color of shrimp in 
some treatments were observed as well. At the end of the experiment, shrimp in 
treatments 1.0 μg/L and 3.0 μg/L showed a clear variation in their body color compared 
with shrimp in the control. Fig. 14 shows the difference between the gray color of 
shrimp in treatments 1.0 μg/L and 3.0 μg/L and bright color of shrimp in the control. 
Shrimp in all other treatments (0.005 μg/L, 0.01 μg/L, and 0.1 μg/L) had no noticeable 
changes in their body color by the end of the experiment. 
 
Figure 14. Changes of body color of juvenile white shrimp exposed to the highest 
concentrations of fipronil (µg/L) during the experiment compared to the control. (a) Control 0.0 
µg/L fipronil, (b) 1.0 μg/L fipronil, (c) 3.0 μg/L fipronil. 
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4.3.5. Chemical analysis of body composition  
Analysis of whole-body composition of shrimp is shown in Fig. 15. All of the 
lipids, ash, and protein contents were analyzed and expressed on a dry-matter basis. 
Lipid content in shrimp decreased significantly with increased concentration of fipronil 
(linear regression analysis, P = 0.027). Shrimp in the control showed the highest 
percentage of lipid 9.1% ± 2.45; whereas, the lowest percentages of lipid were in the 
treatments 3.0 μg/L and 1.0 μg/L (7.5% ± 1.15 and 8.0% ± 0.05, respectively; Fig. 15a). 
 
 
 
 
 
 
 
 
 
  
Figure 15. Body chemical composition analysis of juvenile white shrimp exposed to multiple 
concentrations of fipronil. The vertical axes represent the lipid % (in 15.a), ash % (in 15.b), and 
protein % (in 15.c) in bodies of shrimp which measured at the end of the experiment. The 
horizontal axes in (15.a, 15.b, and 15.c) represent the six different fipronil concentrations (µg/L) 
used in the experiment. Regression analysis showed that lipid content in shrimp decreased 
significantly with increased concentration of fipronil (P = 0.027), while ash content increased 
significantly (P = 0.002), with no significant difference among treatments regarding the protein 
content (P = 0.222). Error bars indicate the standard errors (n = number of samples analyzed for 
each treatment). 
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Figure 15 Continued. 
 
On the contrary, ash content of shrimp increased with the increase of fipronil. 
Linear regression analysis showed that this increase was statistically significant (P = 
0.002). Ash content of shrimp ranged between 13.7% ± 0.12 in the 0.005 μg/L treatment 
and 17.2% ± 0.12 in the 3.0 μg/L treatment (Fig. 15b). There was no clear pattern for the 
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effect of fipronil on the protein content of shrimp, and there was no significant 
difference among treatments according to linear regression analysis (Fig. 15c). 
 
4.4. Discussion 
The insecticide fipronil has been used as a successful alternative to the old 
generations of insecticides such as carbamates, organophosphates, and pyrethroids, and a 
part of its success is due to its effectiveness at low field application rates against insect 
pests that became resistant to other insecticides (Gunasekara et al., 2007; Simon-Delso et 
al., 2015). Fipronil acts by damaging the central nervous system of targeted pests 
through blocking the chloride channels controlled by gamma-aminobutyric acid (GABA) 
receptors, causing an excessive neuronal stimulation and finally death (Gunasekara et 
al., 2007). Due to the universality of the GABA receptors across arthropod species 
(Chandler et al., 2004), fipronil could result in unintentional and undesired adverse 
effects on non-target organisms including crustaceans. For example, many studies 
reported the toxicity of fipronil (or one or more of its degradation products, which have 
similar or more toxicity than fipronil itself) on crayfish production in rice-crayfish 
producing fields (e.g., Ngim and Crosby, 2001; Bedient et al., 2005). A recent study also 
has suggested that the decline of Atlantic blue crab C. sapidus may be due to the photo-
degradation product of fipronil (fipronil desulfinyl), which was detected in their eggs off 
the coast of South Carolina (Goff et al., 2017). 
In the last decade, there were detections of fipronil and its degradation products 
(e.g., desulfinyl fipronil, fipronil sulfide, fipronil sulfone) in the surface water in 
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different parts of the world at concentrations exceeding 0.01 μg/L, which is the chronic 
level according to the U.S. EPA aquatic life benchmark for invertebrates. Furthermore, 
fipronil use has increased over the world and in the United States, especially in Texas 
near estuaries, following the quarantine exemption by the U.S. EPA in 2016 (Sneck-
Fahrer and East, 2007; Mahler et al., 2009; Opsahl, 2012). 
The present study showed that fipronil caused significant lethal effects under 
higher concentrations (1.0 μg/L and 3.0 μg/L), in concentration- and time-dependent 
manners (Table 6 and Fig. 11). The survivorship of shrimp declined progressively from 
100% in day 1 of the experiment to 25.0% and 0% on day 45 (last day) in the 1.0 μg/L 
and 3.0 μg/L treatments, respectively (Table 6). Brown shrimp F. aztecus tested in a 
previous study was more sensitive to fipronil in terms of their survivorship than white 
shrimp tested in the current study. Brown shrimp also was the most sensitive crustacean 
to fipronil exposure among all aquatic invertebrates studied to date with a nominal 96-h 
LC50 of 0.12 μg/L, where all shrimp in the 1.0 μg/L and 3.0 μg/L treatments died during 
the first few days of exposure, and survivorship of shrimp in low fipronil concentrations 
(0.1 μg/L and 0.01 μg/L) declined significantly compared with the control (Al-Badran et 
al., under review).  
Currently, we do not understand the underlying mechanisms that cause the 
differences in sensitivity (responses) among species (Rubach et al., 2011). It may be due 
to the differences in their toxico-kinetic and/or toxico-dynamic processes (Mensah et al., 
2014). For example, toxico-kinetic processes may enable some species to regulate 
uptake, to reduce, and/or to remove the stressor. In some cases, they detoxify a chemical 
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rapidly, greatly delaying the initial mortality of some species. On the other hand, 
different toxico-dynamic processes among species may cause variation in their ability to 
repair damage or in interaction between target enzymes and the chemical (stressor) 
(Rubach et al., 2011). 
Reduced growth is the most common response to sub-lethal exposure to toxicants 
although it may not be a particularly sensitive endpoint (OECD, 2005). The decrease in 
growth as a result of the insecticide exposure is a great concern because the abundance 
of adult white shrimp has been demonstrated to be highly sensitive to survival during 
juvenile stage, and the survival of juveniles is thought to be size dependent (Baker et al., 
2014). My results showed that fipronil adversely affected growth of white shrimp under 
all tested concentrations compared with the control group in a concentration-dependent 
manner (Figs. 12 and 13). The growth reduction also may be due to the influence of a 
toxicant on food metabolism. For example, animals affected by chemical toxicants use 
energy in detoxification processes, consequently affecting the carbohydrate and protein 
metabolism and finally growth performance (Frontera et al., 2011). The effect may be 
more pronounced with shrimp because they derive energy more efficiently from protein 
compared with lipids and carbohydrate (Gauquelin et al., 2007). My results are 
consistent with a study conducted by Rozas et al. (2014) who found similar reduction in 
growth of juvenile white shrimp and brown shrimp in field mesocosms contaminated 
with petroleum hydrocarbons from an oil spill. In a different study conducted by Mensah 
et al. (2012b), the Glyphosate-based herbicide (Roundup®) caused a significant growth 
reduction of the freshwater shrimp C. nilotica. 
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On the other hand, the reduction in growth also may be a consequence of reduced 
feeding. Fipronil is a neurotoxic insecticide disrupting the central nervous system 
activity (Ecobichon, 1996), which may have inhibited feeding activity of juvenile white 
shrimp. This type of effect was demonstrated by Hasenbein et al. (2015), who reported 
growth inhibition in Chironomus dilutus exposed to permethrin (18.21 ng/L), lambda-
cyhalothrin (5.50 ng/L), or the mixture of three pesticides (15.47 ng/L chlorpyrifos, 1.04 
ng/L lambda-cyhalothrin, and 3.15 ng/L permethrin) in 10-day exposures. The authors 
attributed part of the reduced growth to reduced feeding activities as all of the tested 
pesticides are neurotoxins.  
In the present study, I observed reduced molting due to exposure to fipronil. 
Molting is a very crucial physiological process for the growth of arthropods, and because 
it is regulated by nervous system secretions and hormones in crustaceans, it is a potential 
negative sub-lethal effect of endocrine disrupting chemicals (EDCs) such as fipronil 
(Lachaise et al., 1993; Volz et al., 2003; OECD, 2005). My results showed that inter-
molt intervals of white shrimp increased significantly from 13.6 ± 1.98 day in the control 
to 20 ± 4.24 day in the 3.0 μg/L treatment with increasing fipronil concentrations, and 
number of molts per individual shrimp decreased gradually from 2.16 molt/individual in 
the control to 0.91 molt/individual in the 3.0 μg/L treatment (P = 0.001) (Fig. 13).  
The impacts of other pesticides on molting of aquatic arthropods were reported in 
previous studies. For example, both imidacloprid and fipronil caused a significant delay 
in the inter-molt intervals of brown shrimp (Al-Badran et al., under review). Molting of 
the American lobster H. americanus larvae also was delayed when they were exposed to 
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the cyclodiene pesticide heptachlor for 24 h (Snyder and Mulder, 2001). Similarly, the 
fungicide propiconazole (Tilt) increased inter-molt intervals of juvenile Pacific white 
shrimp L. vannamei (Betancourt-Lozano et al., 2006). Due to the fact that molting in 
crustaceans is mostly controlled by the neuroendocrine system, toxicants may affect the 
molting process either by inhibiting or stimulating this system (Weis et al., 1992). Thus, 
some crustaceans may exhibit an opposite reaction as a result of the exposure to 
toxicants. For example, Mensah et al. (2012a) reported that molting frequency of 
freshwater shrimp C. nilotica was higher in all groups exposed to sub-lethal 
concentrations of the herbicide Roundup®. 
During the 45 days of the current experiment, various behavioral changes were 
noticed under all concentrations of fipronil, even those in the lowest concentration 
treatment (0.005 μg/L). Previously reported environmental concentrations of fipronil 
(tested in this study) mainly affected swimming (mobility) and feeding behaviors of 
white shrimp in concentration- and time-dependent manners. Many studies have reported 
similar changes exhibited by different species of non-target aquatic arthropods due to the 
contamination of fipronil and other neurotoxic pesticides in the environment (Overmyer 
et al., 2005; Al-Badran et al., 2018). For example, researchers found that post-larval 
Black Tiger shrimp Penaeus monodon exposed to fipronil, imidacloprid, and bifenthin 
for 20 days exhibited restricted movements and feeding inhibition, and they were more 
sensitive to fipronil than the other two chemicals (Hook et al., 2018). Similarly, exposing 
the chironomid midge C. lebetis to different concentrations of fipronil (0.5, 2, 5, 10, 15, 
and 20 μg/L) for 24 to 96 h led to various abnormal behaviors such as feeding depression 
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and movement limitation at all tested fipronil concentrations (Stratman et al., 2013). 
Under long-term exposure to low concentrations of DDT, white shrimp, brown shrimp, 
and pink shrimp showed lethargy, refused their feed, and died; additionally, those under 
acute concentrations showed the classic symptoms of DDT toxicity such as trembling, 
hyperkinetic, and paralysis (Couch, 1978). 
Such behavioral changes might be a direct consequence of the action of 
pesticides on the central nervous system of affected organisms (Roque et al., 2005); 
pesticides cause a disruption of neuron signaling affecting the normal behavioral 
activities of crustaceans. Therefore, behavioral change is considered a useful biomarker 
of sub-lethal contamination. Behavioral endpoints, which combine endogenous and 
exogenous factors, can link physiological and biochemical processes of the animals, 
consequently providing insights into the effects of environmental contamination from 
individual to community levels (Tu et al., 2010). 
Under the exposure of higher concentrations of fipronil (1.0 μg/L and 3.0 μg/L), 
juvenile white shrimp showed changes in body color from normal to a dark color 
distributed evenly on their exoskeleton and internal body parts (Fig. 14). Color change in 
crustaceans as a result of chemical exposure was reported previously in other studies. 
For example, Martinez et al. (2014) reported that Pacific white shrimp L.vannamei 
became significantly redder after exposing them to low concentrations (1 mg/L) of 
copper. In addition, in my previous study on brown shrimp (Al-Badran et al., under 
review), individuals under all concentrations of imidacloprid and fipronil including 
0.005 μg/L exhibited color changes as a result of the exposure. In the current study, I did 
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not observe color change in white shrimp at the 0.005 μg/L concentration. Color change 
in crustaceans is a hormonally-regulated process and can be used as an indicator of 
environmental health (Fingerman  et al., 1998; Martinez et al., 2014).  
My analysis showed that body chemical composition of white shrimp also was 
affected by fipronil. Lipids decreased significantly with increasing fipronil (P = 0.027). 
In contrast, ash content showed a significant increase with fipronil concentrations (P = 
0.002), Protein percentage showed no clear pattern, although higher fipronil 
concentration (3.0 μg/L) was associated with the lowest level of protein compared with 
all other treatments including the control (Fig. 15).    
Similar findings about the negative effects of chemical pesticides on the body 
contents of non-target aquatic arthropods have been reported in several studies. In my 
previous study on brown shrimp juveniles, fipronil has significantly affected the protein 
and lipid contents of shrimp under exposure of all treatments. The control showed the 
highest level of protein 71.7 ± 0.23% compared with other treatments; whereas, lipid 
percentage increased significantly with increasing concentration of fipronil (Al-Badran 
et al., 2018). Frontera et al. (2011) found that juveniles of freshwater crayfish C. 
quadricarinatus exposed to sub-lethal levels of glyphosate acid and polyoxyethylen 
amine (POEA) for 50 days exhibited significant reduction in lipid reserves and muscle 
protein levels. In another study, juvenile mud crab R. harrisii exposed to different 
concentrations of fenoxycarb insecticide showed a significant reduction in total lipid 
content of their bodies (Nates and McKenney Jr, 2000). Nyman et al. (2013) also 
reported that lipid content of freshwater amphipod G. pulex was reduced significantly as 
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a result of exposing them to a constant imidacloprid concentration of 15 mg/L. The 
observed change in the body content and reduced growth of white shrimp in the current 
study confirm that these organisms use their food energy for detoxification processes 
rather than growth in polluted environments as reported in many studies (Mensah et al., 
2012a; Rozas et al., 2014). 
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CHAPTER V  
CONCLUSIONS 
 
The phenylpyrazole fipronil and the neonicotinoid imidacloprid have been 
detected in aquatic environments in Texas in recent years due to their increased use in 
coastal communities (Sneck-Fahrer and East, 2007; Hala, personal communication, May 
2019). No previous study published in the peer-reviewed literature has reported the 
potential effects of these widely-used insecticides on the estuarine-dependent penaeid 
shrimp such as the brown shrimp F. aztecus and white shrimp L. setiferus, which are 
commercially and ecologically important. Therefore, determining the lethal and sub-
lethal effects of these insecticides on these particular species was critically important. To 
this extent, a series of long-term toxicity experiments were conducted to evaluate the 
adverse effects of fipronil and imidacloprid on brown shrimp and white shrimp, which 
inhabit the estuaries in the Gulf of Mexico. To better understand and compare these 
effects, various laboratory tests including estimates of survivorship (mortality), weight 
gain / growth rates, inter-molt intervals, body chemical composition, and measurement 
of behavioral and physical changes were conducted. 
In Chapter II of this dissertation, I reported the lethal and sub-lethal effects of the 
previously observed concentrations of fipronil in the environment on juvenile brown 
shrimp under exposures to five nominal concentrations (0.1, 1.0, 3.0, 6.4, and 10.0 µg/L) 
over 29 days. Under all of the concentrations tested, fipronil caused both lethal (acute) 
and sub-lethal (chronic) effects on brown shrimp; exposure to fipronil resulted in all 
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individuals dying before the end of the experiment. In Chapter III, I investigated the 
effects of fipronil and imidacloprid, on the growth, survival, and behavior of juvenile 
brown shrimp over 36 days of exposure. In this experiment, I used the lower 
concentrations of fipronil than the first study reported in Chapter II. These 
concentrations included those below the chronic level of the U.S. EPA aquatic life 
benchmark for invertebrates. The findings from this study suggested that fipronil and 
imidacloprid had both lethal and sub-lethal effects on brown shrimp. Although brown 
shrimp were affected less by imidacloprid than fipronil in their survivorship, sub-lethal 
effects such as delayed molting and reduced growth were still significant under both 
insecticides. Also, brown shrimp was determined to be one of the most sensitive 
invertebrates to the exposure to fipronil according to the estimated nominal 96-h LC50 of 
fipronil (0.12 μg/L) in this study. In Chapter IV, I evaluated the adverse effects of 
fipronil on juvenile white shrimp using the same concentrations tested in Chapter III 
(0.005, 0.01, 0.1, 1.0, and 3.0 μg/L). The results of this study suggested that juvenile 
white shrimp were also affected by the exposure to fipronil in terms of all of the 
endpoints measured. By comparing the findings in Chapter III and IV, it is clear that 
brown shrimp are far more sensitive to fipronil than white shrimp under exposure to the 
same concentrations. 
Any subtle impacts of fipronil or imidacloprid on the early life stages of brown 
shrimp and white shrimp could translate into a large impact on their abundance in a later 
stage, especially that the abundance of adults of some penaeid species has been 
demonstrated to be highly sensitive to survival during juvenile stage (Baker et al., 2014). 
 92 
 
Consequently, this study recommends revising the acute and chronic levels of the U.S. 
EPA aquatic life benchmarks for fipronil and imidacloprid because of the significant 
impacts of these insecticides on brown shrimp and white shrimp discovered in this 
research. Furthermore, continuous monitoring of insecticides concentrations is 
recommended in estuaries and other areas along the coast of Texas. It will also be 
important to reduce their usage or their allowable quantities, especially during the 
seasons of penaeid shrimp migration to inshore annual nursery areas. Further studies of 
the effects of fipronil and imidacloprid and their major metabolites on other non-target 
organisms using concentrations below chronic levels established by the U.S. EPA for 
marine invertebrates are also recommended.  
 
 93 
 
REFERENCES 
 
Abbott, L.C., 2013. Selecting optimal animal models to investigate environmental 
toxicology. Poult. Fish. Wildl. Sci. 1, 2. 
Adamack, A.T., Stow, C.A., Mason, D.M., Rozas, L.P., Minello, T.J., 2012. Predicting 
the effects of freshwater diversions on juvenile brown shrimp growth and 
production: a Bayesian-based approach. Mar. Ecol. Prog. Ser. 444, 155-173. 
Aktar, M.W., Sengupta, D., Chowdhury, A., 2009. Impact of pesticides use in 
agriculture: their benefits and hazards. Interdisc. Toxicol. 2, 1-12. 
Al-Badran, A.A., Fujiwara, M., Gatlin III, D.M., Mora, M.A., 2018. Lethal and sub-
lethal effects of the insecticide fipronil on juvenile brown shrimp Farfantepenaeus 
aztecus. Sci. Rep., 12. 
Alavanja, M.C.R., 2009. Pesticides Use and Exposure Extensive Worldwide. Rev. 
Environ. Health. 24, 303–309. 
AOAC, 1990. Official Methods of Analysis of the Association of Official Analytical 
Chemists. AOAC International, Arlington, VA. USA. 
AOAC, 2005. Official Methods of Analysis of the Association of Analytical Chemists 
International. AOAC International, Gathersburg, MD. USA. 
Avery, M.L., Fischer, D.L., Primus, T.M., 1997. Assessing the Hazard to Granivorous 
Birds Feeding on Chemically Treated Seeds. Pestic. Sci. 49, 362-366. 
 94 
 
Azevedo-Pereira, H.M., Lemos, M.F., Soares, A.M., 2011. Behaviour and Growth of 
Chironomus riparius Meigen (Diptera: Chironomidae) under Imidacloprid Pulse 
and Constant Exposure Scenarios. Water Air Soil Pollut. 219, 215-224. 
Baines, D., Wilton, E., Pawluk, A., de Gorter, M., Chomistek, N., 2017. Neonicotinoids 
act like endocrine disrupting chemicals in newly-emerged bees and winter bees. 
Sci. Rep. 7, 18. 
Baker, R., Fujiwara, M., Minello, T.J., 2014. Juvenile growth and mortality effects on 
white shrimp Litopenaeus setiferus population dynamics in the northern Gulf of 
Mexico. Fish. Res. 155, 74-82. 
Baldwin, W.S., Milam, D.L., Leblanc, G.A., 1995. Physiological and biochemical 
perturbations in Daphnia magna following exposure to the model environmental 
estrogen diethylstilbestrol. Environ. Toxicol. Chem. 14, 945–952. 
Ball, A.O., Chapman, R.W., 2003. Population genetic analysis of white shrimp, 
Litopenaeus setiferus, using microsatellite genetic markers. Mol. Ecol. 12, 2319-
2330. 
Bedient, P.B., Horsak, R.D., Schlenk, D., Hovinga, R.M., Pierson, J.D., 2005. 
Environmental impact of fipronil to the Louisiana crawfish industry. Environ. 
Forensics 6, 289-299. 
Beggel, S., Werner, I., Connon, R.E., Geist, J.P., 2010. Sublethal toxicity of commercial 
insecticide formulations and their active ingredients to larval fathead minnow 
(Pimephales promelas). Sci. Total. Environ. 408, 3169-3175. 
 95 
 
Beggel, S., Werner, I., Connon, R.E., Geist, J.P., 2012. Impacts of the phenylpyrazole 
insecticide fipronil on larval fish: time-series gene transcription responses in 
fathead minnow (Pimephales promelas) following short-term exposure. Sci. Total. 
Environ. 426, 160-165. 
Berny, P.J., Buronfosse, F., Videmann, B., Buronfosse, T., 1999. Evaluation of the 
Toxicity of Imidacloprid in Wild Birds. A New High Performance Thin Layer 
Chromatography (Hptlc) Method for the Analysis of Liver and Crop Samples in 
Suspected Poisoning Cases. J. Liq. Chrom. Rel. Technol. 22, 1547-1559. 
Betancourt-Lozano, M., Baird, D.J., Sangha, R.S., Gonzalez-Farias, F., 2006. Induction 
of morphological deformities and moulting alterations in Litopenaeus vannamei 
(Boone) juveniles exposed to the triazole-derivative fungicide tilt. Arch. Environ. 
Contam. Toxicol. 51, 69-78. 
Bhardwaj, S., Srivastava, M.K., Kapoor, U., Srivastava, L.P., 2010. A 90 days oral 
toxicity of imidacloprid in female rats: morphological, biochemical and 
histopathological evaluations. Food Chem. Toxicol. 48, 1185-1190. 
Biever, R.C., Hoberg, J.R., Jacobson, B., Dionne, E., Sulaiman, M., McCahon, P., 2003. 
Icon rice seed treatment toxicity to crayfish (Procambarus clarkii) in experimental 
rice paddies. Environ. Toxicol. Chem. 22, 167–174. 
Bonmatin, J.M., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D.P., Krupke, C., 
Liess, M., Long, E., Marzaro, M., Mitchell, E.A., Noome, D.A., Simon-Delso, N., 
Tapparo, A., 2015. Environmental fate and exposure; neonicotinoids and fipronil. 
Environ. Sci. Pollut. Res. Int. 22, 35-67. 
 96 
 
Boran, M., Altinok, I., Capkin, E., Karacam, H., Bicer, V., 2007. Acute Toxicity of 
Carbaryl, Methiocarb, and Carbosulfan to the Rainbow Trout (Oncorhynchus 
mykiss) and Guppy (Poecilia reticulata). Turk. J. Vet.  Anim. Sci. 31, 39-45. 
Bray, W.A., Williams, R.R., Lightner, D.V., Lawrence, A.L., 2006. Growth, survival 
and histological responses of the marine shrimp, Litopenaeus vannamei, to three 
dosage levels of oxytetracycline. Aquaculture 258, 97-108. 
Budd, R., Ensminger, M., Wang, D., Goh, K.S., 2015. Monitoring fipronil and 
degradates in California surface waters, 2008-2013. J. Environ. Qual. 44, 1233-
1240. 
Cardone, A., 2015. Imidacloprid induces morphological and molecular damages on testis 
of lizard (Podarcis sicula). Ecotoxicology 24, 94-105. 
CBC, 2018. Canada bans neonic pesticides implicated in bee declines. CBC Radio. 
CCM, 2017. China reveals a list of newly banned insecticides. CCM Data and Business 
Intelligence. 
CCME, 2007. Canadian Water Quality Guidelines : Imidacloprid. Scientific Supporting 
Document. Canadian Council of Ministers of the Environment, Winnipeg, 
Manitoba, p. 60. 
Chandler, G.T., Cary, T.L., Volz, D.C., Walse, S.S., Ferry, J.L., Klosterhaus, S.L., 2004. 
Fipronil Effects on Estuarine Copepod (Amphiascus Tenuiremis) Development, 
Fertility, and Reproduction: A Rapid Life-Cycle Assay in 96-Well Microplate 
Format. Environ. Toxicol. Chem. 23, 117–124. 
 97 
 
Chaton, P.F., Ravanel, P., Tissut, M., Meyran, J.C., 2002. Toxicity and bioaccumulation 
of fipronil in the nontarget arthropodan fauna associated with subalpine mosquito 
breeding sites. Ecotoxicol. Environ. Saf. 52, 8-12. 
Clasen, B., Loro, V.L., Cattaneo, R., Moraes, B., Lopes, T., de Avila, L.A., Zanella, R., 
Reimche, G.B., Baldisserotto, B., 2012. Effects of the commercial formulation 
containing fipronil on the non-target organism Cyprinus carpio: implications for 
rice-fish cultivation. Ecotoxicol. Environ. Saf. 77, 45-51. 
Couch, J.A., 1978. Disease, parasites, and toxic responses of commercial penaeid 
shrimps of the Gulf of Mexico and South Atlantic coasts of North America. Fish. 
Bull. 76, 1-44. 
Daewel, U.T.E., Schrum, C., Temming, A., 2011. Towards a more complete 
understanding of the life cycle of brown shrimp (Crangon crangon): modelling 
passive larvae and juvenile transport in combination with physically forced vertical 
juvenile migration. Fish. Oceanogr. 20, 479-496. 
Dai, Y.J., Jia, Y.F., Chen, N., Bian, W.P., Li, Q.K., Ma, Y.B., Chen, Y.L., Pei, D.S., 
2014. Zebrafish as a model system to study toxicology. Environ. Toxicol. Chem. 
33, 11-17. 
DeLancey, L.B., Jenkins, J.E., Maddox, M.B., Whitaker, J.D., Wenner, E.L., 2005. Field 
observations on white shrimp, Litopenaeus Setiferus, during spring spawning 
season in South Carolina, U.S.A., 1980–2003. J. Crustac. Biol. 25, 212–218. 
 98 
 
Ditty, J.G., 2011. Young of Litopenaeus setiferus, Farfantepenaeus aztecus and F. 
duorarum (Decapoda: Penaeidae): a re-assessment of characters for species 
discrimination and their variability. J. Crustac. Biol. 31, 458-467. 
Donaldson, D., Kiely, T., Grube, A., 2002. Pesticides industry sales and usage, 1998-
1999 market estimates. Washington (DC), 20460, p. 44. 
Drees, B.M., 2014. How to Select, Apply, and Develop Insecticides for Imported Fire 
Ant Control. Extension Entomologist Emeritus. Texas A&M AgriLife Extension 
Service, p. 8. 
Ecobichon, D.J., 1996. Toxic effects of pesticides. In: Klaassen, C.D. (Ed.), Casarett & 
Doull's Toxicology: The Basic Science of Poisons. McGraw-Hill, New York, p. 
782. 
Elliott, R., Barnes, J.M., 1963. Organophosphorus Insecticides for the Control of 
Mosquitos in Nigeria. Trials with Fenthion and Malathion Conducted by the WHO 
Insecticide Testing Unit in 1960-61. Bull. Org. mond. Sante. 28, 35-54. 
Ensminger, M.P., Budd, R., Kelley, K.C., Goh, K.S., 2013. Pesticide occurrence and 
aquatic benchmark exceedances in urban surface waters and sediments in three 
urban areas of California, USA, 2008-2011. Environ. Monit. Assess. 185, 3697-
3710. 
Feng, S., Kong, Z., Wang, X., Zhao, L., Peng, P., 2004. Acute toxicity and genotoxicity 
of two novel pesticides on amphibian, Rana N. Hallowell. Chemosphere 56, 457-
463. 
 99 
 
Fernlund, P., Josefsson, L., 1972. Crustacean color-change hormone: amino acid 
sequence and chemical synthesis. Science 177, 173-175. 
Fingerman , M., Jackson, N.C., Nagabhushanam, R., 1998. Hormonally-regulated 
functions in crustaceans as biomarkers of environmental pollution (Review). 
Comp. Biochem. Physiol. Part C 120, 343–350. 
Finney, D.J., 1952. Probit analysis. J. Inst. Actu. Cambridge University Press 78, 388-
390. 
Folch, J., Lees, M., Stanley, G.H.S., 1957. A simple method for the isolation and 
purification of total lipids from animal tissues. J. Biol. Chem. 226, 497–509. 
Fossen, M., 2006. Environmental Fate of Imidacloprid. Department of Pesticide 
Regulation, Sacramento, CA. USA, p. 16. 
Frontera, J.L., Vatnick, I., Chaulet, A., Rodriguez, E.M., 2011. Effects of glyphosate and 
polyoxyethylenamine on growth and energetic reserves in the freshwater crayfish 
Cherax quadricarinatus (Decapoda, Parastacidae). Arch. Environ. Contam. 
Toxicol. 61, 590-598. 
Fujiwara, M., Zhou, C., Acres, C., Martinez-Andrade, F., 2016. Interaction between 
Penaeid Shrimp and Fish Populations in the Gulf of Mexico: Importance of Shrimp 
as Forage Species. PloS one 11, 15. 
Gan, J., Bondarenko, S., Oki, L., Haver, D., Li, J.X., 2012. Occurrence of fipronil and its 
biologically active derivatives in urban residential runoff. Environ. Sci. Technol. 
46, 1489-1495. 
 100 
 
Garcia, F.P., Ascencio, S.Y., Oyarzun, J.C., Hernandez, A.C., Alavarado, P.V., 2012. 
Pesticides: classification, uses and toxicity. Measures of exposure and genotoxic 
risks. J. Res. Environ. Sci. Toxicol. 1, 279-293. 
Gauquelin, F., Cuzon, G., Gaxiola, G., Rosas, C., Arena, L., Bureau, D.P., Cochard, J.C., 
2007. Effect of dietary protein level on growth and energy utilization by 
Litopenaeus stylirostris under laboratory conditions. Aquaculture 271, 439-448. 
Ghisi, N.C., Ramsdorf, W.A., Ferraro, M.V., Almeida, M.I., Ribeiro, C.A., Cestari, 
M.M., 2011. Evaluation of genotoxicity in Rhamdia quelen (Pisces, Siluriformes) 
after sub-chronic contamination with Fipronil. Environ. Monit. Assess. 180, 589-
599. 
Gilliom, R.J., Barbash, J.E., Crawford, C.G., Hamilton, M.C., Martin, B.T., Nakagaki, 
N., Nowell, L.H., Scott, J.C., Stackelberg, P.E., Thelin, G.P., Wolock, D.M., 2006. 
The Quality of Our Nation’s Waters, Pesticides in the Nation’s Streams and 
Ground Water, 1992–2001. U.S. Geological Survey Circular 1291, Reston, 
Virginia. USA, p. 172. 
Goff, A.D., Saranjampour, P., Ryan, L.M., Hladik, M.L., Covi, J.A., Armbrust, K.L., 
Brander, S.M., 2017. The effects of fipronil and the photodegradation product 
fipronil desulfinyl on growth and gene expression in juvenile blue crabs, 
Callinectes sapidus, at different salinities. Aquat. Toxicol. 186, 96-104. 
Goodman, B.M.A., 2011. Pesticide Exposure in Womb Linked to Lower IQ. Archived 
from the original on 2011-04-24., Health & Pregnancy. WebMD. 
 101 
 
Goulson, D., 2013. REVIEW: An overview of the environmental risks posed by 
neonicotinoid insecticides. J. Appl. Ecol. 50, 977-987. 
Goulson, D., 2014. Pesticides linked to bird declines. Nature 511, 295-296. 
Greenberg, L., Rust, M.K., Klotz, J.H., Haver, D., Kabashima, J.N., Bondarenko, S., 
Gan, J., 2010. Impact of ant control technologies on insecticide runoff and 
efficacy. Pest. Manag. Sci. 66, 980-987. 
Gripp, H.S., Freitas, J.S., Almeida, E.A., Bisinoti, M.C., Moreira, A.B., 2017. 
Biochemical effects of fipronil and its metabolites on lipid peroxidation and 
enzymatic antioxidant defense in tadpoles (Eupemphix nattereri: Leiuperidae). 
Ecotoxicol. Environ. Saf. 136, 173-179. 
Grube, A., Donaldson, D., Kiely, T., Wu, L., 2011. Pesticides Industry Sales and Usage, 
2006 and 2007 Market Estimates. Washington, DC 20460, p. 41. 
Gu, Y.H., Li, Y., Huang, X.F., Zheng, J.F., Yang, J., Diao, H., Yuan, Y., Xu, Y., Liu, 
M., Shi, H.J., Xu, W.P., 2013. Reproductive effects of two neonicotinoid 
insecticides on mouse sperm function and early embryonic development in vitro. 
PloS one 8, e70112. 
Gunasekara, A.S., Truong, T., Goh, K.S., Spurlock, F., Tjeerdema, R.S., 2007. 
Environmental fate and toxicology of fipronil. J. Pestic. Sci. 32, 189-199. 
Hainzl, D., Cole, L.M., Casida, J.E., 1998. Mechanisms for Selective Toxicity of 
Fipronil Insecticide and Its Sulfone Metabolite and Desulfinyl Photoproduct. 
Chem. Res. Toxicol. 11, 1529-1535. 
 102 
 
Hallmann, C.A., Foppen, R.P., van Turnhout, C.A., de Kroon, H., Jongejans, E., 2014. 
Declines in insectivorous birds are associated with high neonicotinoid 
concentrations. Nature 511, 12. 
Harman-Fetcho, J.A., Hapeman, C.J., McConnell, L., Potter, T.L., Rice, C.P., Sadeghi, 
A.M., Smith, R.D., Bialek, K., Sefton, K.A., Schaffer, B.A., Curry, R., 2005. 
Pesticide Occurrence in Selected South Florida Canals and Biscayne Bay during 
High Agricultural Activity. J. Agric. Food Chem. 53, 6040−6048. 
Hasenbein, S., Lawler, S.P., Geist, J., Connon, R.E., 2015. The use of growth and 
behavioral endpoints to assess the effects of pesticide mixtures upon aquatic 
organisms. Ecotoxicology 24, 746-759. 
Hayasaka, D., Korenaga, T., Sanchez-Bayo, F., Goka, K., 2012a. Differences in 
ecological impacts of systemic insecticides with different physicochemical 
properties on biocenosis of experimental paddy fields. Ecotoxicology 21, 191-201. 
Hayasaka, D., Korenaga, T., Suzuki, K., Saito, F., Sanchez-Bayo, F., Goka, K., 2012b. 
Cumulative ecological impacts of two successive annual treatments of 
imidacloprid and fipronil on aquatic communities of paddy mesocosms. 
Ecotoxicol. Environ. Saf. 80, 355-362. 
Hladik, M.L., Corsi, S.R., Kolpin, D.W., Baldwin, A.K., Blackwell, B.R., Cavallin, J.E., 
2018. Year-round presence of neonicotinoid insecticides in tributaries to the Great 
Lakes, USA. Environ. Pollut. 235, 1022-1029. 
 103 
 
Hladik, M.L., Vandever, M., Smalling, K.L., 2016. Exposure of native bees foraging in 
an agricultural landscape to current-use pesticides. Sci. Total. Environ. 542, 469-
477. 
Hook, S.E., Doan, H., Gonzago, D., Musson, D., Du, J., Kookana, R., Sellars, M.J., 
Kumar, A., 2018. The impacts of modern-use pesticides on shrimp aquaculture: An 
assessment for north eastern Australia. Ecotoxicol. Environ. Saf. 148, 770-780. 
Jemec, A., Tisler, T., Drobne, D., Sepcic, K., Fournier, D., Trebse, P., 2007. 
Comparative toxicity of imidacloprid, of its commercial liquid formulation and of 
diazinon to a non-target arthropod, the microcrustacean Daphnia magna. 
Chemosphere 68, 1408-1418. 
JMP, 2016. JMP® Pro. V. 13.1.0. SAS Institute Inc. Cary, North Carolina, U.S.A. 
Key, P.B., Chung, K.W., Opatkiewicz, A.D., Wirth, E.F., Fulton, M.H., 2003. Toxicity 
of the insecticides fipronil and endosulfan to selected life stages of the grass 
shrimp (Palaemonetes pugio). Bull. Environ. Contam. Toxicol. 70, 533-540. 
Kollman, W., Randall, S., 1995. Interim Report of the Pesticide Chemistry Database. 
Environmental Protection Agency, Sacramento, California. USA, p. 45. 
Konwick, B.J., Fisk, A.T., Garrison, A.W., Avants, J.K., Black, M.C., 2005. Acute 
Enantioselective Toxicity of Fipronil and its Desulfinyl Photoproduct to 
Ceriodaphnia dubia. Environ. Toxicol. Chem. 24, 2350–2355. 
Krupke, C.H., Hunt, G.J., Eitzer, B.D., Andino, G., Given, K., 2012. Multiple Routes of 
Pesticide Exposure for Honey Bees Living Near Agricultural Fields. PloS one 7, 1-
8. 
 104 
 
Krupke, C.H., Long, E.Y., 2015. Intersections between neonicotinoid seed treatments 
and honey bees. Curr. Opin. Insect. Sci. 10, 8-13. 
Kurz, M.H., Martel, S., Gonçalves, F.F., Prestes, O.D., Martins, M.L., Zanella, R., 
Adaime, M.B., 2013. Development of a Fast Method for the Determination of the 
Insecticide Fipronil and its Metabolites in Environmental Waters by SPE and GC-
ECD. J. Braz. Chem. Soc. 24, 631-638. 
Laboy-Nieves, E.N., Schaffner, F.C., Abdelhadi, A.H., Goosen, M.F.A., 2009. 
Environmental Management, Sustainable Development and Human Health. 
London, UK. (CRC Press/Balkema). p. 596. 
Lachaise, F., Le Roux, A., Hubert, M., Lafont, R., 1993. The molting gland of 
crustaceans: localization, activity, and endocrine control (Review). J. Crustac. Biol. 
13, 198-234. 
Lamers, M., Anyusheva, M., La, N., Nguyen, V.V., Streck, T., 2011. Pesticide Pollution 
in Surface- and Groundwater by Paddy Rice Cultivation: A Case Study from 
Northern Vietnam. CLEAN - Soil, Air, Water 39, 356-361. 
Lassuy, D.R., 1983. Species profiles: Life histories and environmental requirements 
(Gulf of Mexico): Brown shrimp. Coast. Engin. Res. Cen., 15. 
Leo, J.P., Minello, T.J., Grant, W.E., 2018. Assessing Variability in Juvenile Brown 
Shrimp Growth Rates in Small Marsh Ponds: An Exercise in Model Evaluation and 
Improvement. Mar. Coast. Fish. 10, 347-356. 
 105 
 
Leo, J.P., Minello, T.J., Grant, W.E., Wang, H.H., 2016. Simulating environmental 
effects on brown shrimp production in the northern gulf of mexico. Ecol. Modell. 
330, 24-40. 
Lovell, T., 1998. Nutrition and Feeding of Fish. Springer Science+Business Media, 
LLC, New York, USA. 
Mace III, M.M., Rozas, L.P., 2015. Estimating Natural Mortality Rates of Juvenile 
White Shrimp Litopenaeus setiferus. Estuar. Coast. 38, 1580–1592. 
Mahler, B.J., Van Metre, P.C., Wilson, J.T., Musgrove, M., Zaugg, S.D., Burkhardt, 
M.R., 2009. Fipronil and its Degradates in Indoor and Outdoor Dust. Enviro. Sci. 
Technol. 43, 5665–5670. 
Mahmoud, B., 2017. The Catastrophic Impacts of Pesticides in Developing Countries. 
In: USAID (Ed.), Food For Thought. A Blog Series on Global Food Safety & 
Security. Agrilinks, Feed the Future. Available at: 
https://www.agrilinks.org/blog/catastrophic-impacts-pesticides-developing-
countries. 
Main, A.R., Headley, J.V., Peru, K.M., Michel, N.L., Cessna, A.J., Morrissey, C.A., 
2014. Widespread use and frequent detection of neonicotinoid insecticides in 
wetlands of Canada's Prairie Pothole Region. PloS one 9, 12. 
Martinez, A., Romero, Y., Castillo, T., Mascaro, M., Lopez-Rull, I., Simoes, N., Arcega-
Cabrera, F., Gaxiola, G., Barbosa, A., 2014. The effect of copper on the color of 
shrimps: redder is not always healthier. PloS one 9, 5. 
 106 
 
MATLAB, 2017. MATLAB and Statistics Toolbox Release 2011b. The MathWorks, 
Inc., Natick, Massachusetts, United States. 
McMahen, R.L., Strynar, M.J., McMillan, L., DeRose, E., Lindstrom, A.B., 2016. 
Comparison of fipronil sources in North Carolina surface water and identification 
of a novel fipronil transformation product in recycled wastewater. Sci. Total. 
Environ. 569-570, 880-887. 
Mensah, P.K., Muller, W.J., Palmer, C.G., 2012a. Using growth measures in the 
freshwater shrimp Caridina nilotica as biomarkers of Roundup® pollution of 
South African freshwater systems. Phys. Chem. Earth, Parts A/B/C 50-52, 262-
268. 
Mensah, P.K., Palmer, C.G., Muller, W.J., 2012b. Lipid peroxidation in the freshwater 
shrimp Caridina nilotica as a biomarker of Roundup® herbicide pollution of 
freshwater systems in South Africa. Water Sci. Technol. 65, 1660-1666. 
Mensah, P.K., Palmer, C.G., Muller, W.J., 2014. Lethal and sublethal effects of 
pesticides on aquatic organisms: the case of a freshwater fhrimp exposure to 
Roundup®. In: Soloneski, S. (Ed.), Pesticides - Toxic Aspects. inTech, pp. 163-
185. 
Mineau, P., Palmer, C., 2013. The impact of the nation’s most widely used insecticides 
on birds. American Bird Conservancy, p. 97. 
Minello, T.J., Zimmerman, R.J., Martinez, E.X., 1989. Mortality of Young Brown 
Shrimp Penaeus aztecus in Estuarine Nurseries. Trans. Am. Fish. Soc. 118, 693-
708. 
 107 
 
Mize, S.V., Porter, S.D., Demcheck, D.K., 2008. Influence of fipronil compounds and 
rice-cultivation land-use intensity on macroinvertebrate communities in streams of 
southwestern Louisiana, USA. Environ. Pollut. 152, 491-503. 
Montero, J.T., Chesney, T.A., Bauer, J.R., Froeschke, J.T., Graham, J., 2016. Brown 
shrimp (Farfantepenaeus aztecus) density distribution in the Northern Gulf of 
Mexico: an approach using boosted regression trees. Fish. Oceanogr. 25, 337-348. 
Morrissey, C.A., Mineau, P., Devries, J.H., Sanchez-Bayo, F., Liess, M., Cavallaro, 
M.C., Liber, K., 2015. Neonicotinoid contamination of global surface waters and 
associated risk to aquatic invertebrates: a review. Environ. Int. 74, 291-303. 
Mortensen, S.R., Holmsen, J.D., Weltje, L., 2015. Fipronil should not be categorized as 
a "systemic insecticide": a reply to Gibbons et al. (2015). Environ. Sci. Pollut. Res. 
Int. 22, 17253-17254. 
Mosier, D.G., 2005. Fipronil Water Monitoring Study following Application of Chipco 
Topchoice@ to a Golf Course Turf at College Station, Texas. Sponsored by Bayer 
Crop Science, RTP, NC. Performed by Bayer Crop Science, Stillwell, KS; 
Biological Research Service, College Station, TX. AgVise Laboratories, 
Northward, ND; and Stone Environmental, Inc. Montpelier, VT. MRID 46733902, 
p. 32. 
Muncy, R.J., 1984. Species Profiles: Life Histories and Environmental Requirements of 
Coastal Fishes and Invertebrates (South Atlantic), White shrimp. U. S. Fish and 
Wildlife Service. FWS/OBS-82/11.27. U.S. Army Corps of Engineers, TR EL-82-
4., p. 19. 
 108 
 
Nates, S.F., McKenney Jr, C.L., 2000. Growth, lipid class and fatty acid composition in 
juvenile mud crabs (Rhithropanopeus harrisii) following larval exposure to 
Fenoxycarb®, insect juvenile hormone analog. Comp. Biochem. Physiol. Part C 
127, 317–325. 
Ngim, K.K., Crosby, D.G., 2001. Abiotic Processes Influencing fipronil and 
Desthiofipronil Dissipation in California, USA, Rice Fields. Environ. Toxicol. . 
Chem. 20, 972–977. 
NMFS, 2016. Fisheries Economics of the United States 2014, Economics and 
Sociocultural Status and Trends Series. p. 246. 
NMFS, 2017. Commercial fisheries statistics. National Marine Fisheries Service. 
Available at: https://www.st.nmfs.noaa.gov/commercial-fisheries/commercial-
landings/annual-landings-with-group-subtotals/index. 
NMFS, 2019. Commercial fisheries statistics. National Marine Fisheries Service. 
Available at: https://www.st.nmfs.noaa.gov/commercial-fisheries/commercial-
landings/annual-landings-with-group-subtotals/index. 
Nyman, A.M., Hintermeister, A., Schirmer, K., Ashauer, R., 2013. The insecticide 
imidacloprid causes mortality of the freshwater amphipod Gammarus pulex by 
interfering with feeding behavior. PloS one 8, e62472. 
O’Halloran, M.J., 1990. Color control in shrimp. In: Goldman, C.A. (Ed.), Tested 
Studies for Laboratory Teaching, pp. 15-26. 
 109 
 
OECD, 2005. Detaild review paper on aquatic Arthropods in life cycle and two-
generation toxicity tests. Organisation for Economic Co-operation and 
Development, Paris, p. 135. 
Oerke, E.C., Dehne, H.W., 2004. Safeguarding production—losses in major crops and 
the role of crop protection. Crop Prot. 23, 275-285. 
Opsahl, S.P., 2012. Quality of Surface-Water Runoff in Selected Streams in the San 
Antonio Segment of the Edwards Aquifer Recharge Zone, Bexar County, Texas, 
1997−2012. U.S. Geological Survey, p. 27. 
Osterberg, J.S., Darnell, K.M., Blickley, T.M., Romano, J.A., Rittschof, D., 2012. Acute 
toxicity and sub-lethal effects of common pesticides in post-larval and juvenile 
blue crabs, Callinectes sapidus. J. Exp. Mar. Biol. Ecol. 424-425, 5-14. 
Ottinger, M.A., Carro, T., Bohannon, M., Baltos, L., Marcell, A.M., McKernan, M., 
Dean, K.M., Lavoie, E., Abdelnabi, M., 2013. Assessing effects of environmental 
chemicals on neuroendocrine systems: potential mechanisms and functional 
outcomes. Gen. Comp. Endocrinol. 190, 194-202. 
Overmyer, J.P., Mason, B.N., Armbrust, K.L., 2005. Acute toxicity of imidacloprid and 
fipronil to a nontarget aquatic insect, Simulium vittatum Zetterstedt cytospecies IS-
7. Bull. Environ. Contam. Toxicol. 74, 872-879. 
Overmyer, J.P., Rouse, D.R., Avants, J.K., Garrison, A.W., DeLorenzo, M.E., Chung, 
K.W., Key, P.B., Wilson, W.A., Black, M.C., 2007. Toxicity of fipronil and its 
enantiomers to marine and freshwater non-targets. J. Environ. Sci. Health, Part B 
42, 471-480. 
 110 
 
Patillo, M.E., Czapla, T.E., Nelson, D.M., Monaco, M.E., 1997. Distribution and 
abundance of fishes and invertebrates in Gulf of Mexico estuaries. Volume II: 
species life history summaries. In: ELMR Report No. 11. Silver Spring: 
NOAA/NOS Strategic Environmental Assessments Division. p. 377. 
Peveling, R., Demba, S.A., 2003. Toxicity and pathogenicity of Metarhizium anisopliae 
var. Acridum (Deuteromycotina, Hyphomycetes) and fipronil to the fringe-toed 
lizard Acanthodactylus dumerili (Squamata: Lacertidae). Environ. Toxicol. Chem. 
22, 1437–1447. 
Pisa, L.W., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Downs, C.A., 
Goulson, D., Kreutzweiser, D.P., Krupke, C., Liess, M., McField, M., Morrissey, 
C.A., Noome, D.A., Settele, J., Simon-Delso, N., Stark, J.D., Van der Sluijs, J.P., 
Van Dyck, H., Wiemers, M., 2015. Effects of neonicotinoids and fipronil on non-
target invertebrates. Environ. Sci. Pollut. Res. Int. 22, 68-102. 
Pritchard, J.B., 1993. Aquatic toxicology: past, present, and prospects. Environ. Health 
Perspect. 100, 249-257. 
Raby, M., Zhao, X., Hao, C., Poirier, D.G., Sibley, P.K., 2018. Chronic effects of an 
environmentally-relevant, short-term neonicotinoid insecticide pulse on four 
aquatic invertebrates. Sci. Total. Environ. 639, 1543-1552. 
Raley-Susman, K.M., 2014. Like a Canary in the coal mine: behavioral change as an 
early warning sign of neurotoxicological damage. In: Soloneski, S. (Ed.), 
Pesticides - Toxic Aspects. inTech, p. 29. 
 111 
 
Roessink, I., Merga, L.B., Zweers, H.J., Van den Brink, P.J., 2013. The neonicotinoid 
imidacloprid shows high chronic toxicity to mayfly nymphs. Environ. Toxicol. 
Chem. 32, 1096-1100. 
Roque, A., Abad, S., Betancourt-Lozano, M., de la Parra, L.M., Baird, D., Guerra-
Flores, A.L., Gomez-Gil, B., 2005. Evaluation of the susceptibility of the cultured 
shrimp Litopenaeus vannamei to vibriosis when orally exposed to the insecticide 
methyl parathion. Chemosphere 60, 126-134. 
Rozas, L.P., Minello, T.J., Miles, M.S., 2014. Effect of deepwater horizon oil on growth 
rates of juvenile penaeid shrimps. Estuar. Coast. 37, 1403–1414. 
Rubach, M.N., Crum, S.J., Van den Brink, P.J., 2011. Variability in the dynamics of 
mortality and immobility responses of freshwater arthropods exposed to 
chlorpyrifos. Arch. Environ. Contam. Toxicol. 60, 708-721. 
Ruby, A., 2013. Review of pyrethroid, fipronil and toxicity monitoring data from 
california urban watersheds. California Stormwater Quality Association (CASQA), 
Santa Cruz, CA. USA, p. 90. 
Russo, R., Becker, J.M., Liess, M., 2018. Sequential exposure to low levels of pesticides 
and temperature stress increase toxicological sensitivity of crustaceans. Sci. Total 
Environ. 610-611, 563-569. 
Schlenk, D., Huggett, D.B., Allgood, J., Bennett, E., Rimoldi, J., Beeler, A.B., Block, 
D., Holder, A.W., Hovinga, R., Bedient, P., 2001. Toxicity of fipronil and its 
degradation products to Procambarus sp.: field and laboratory studies. Arch. 
Environ. Contam. Toxicol. 41, 325-332. 
 112 
 
Shan, Z., Wang, L., Cai, D., Gong, R., Zhu, Z., Yu, F., 2003. Impact of fipronil on 
crustacean aquatic organisms in a paddy field-fishpond ecosystem. Bull. Environ. 
Contam. Toxicol. 70, 746-752. 
Shaw, J.R., Pfrender, M.E., Eads, B.D., Klaper, R., Callaghan, A., Sibly, R.M., Colson, 
I., Jansen, B., Gilbert, D., Colbourne, J.K., 2008. Daphnia as an emerging model 
for toxicological genomics. Adv. Exp. Biol. 2, 165-219. 
Sheridan, P.F., Ray, S.M., 1981. Report of the workshop on the ecological interactions 
between shrimp and bottomfishes, April 1980. National Marine Fisheries Service 
(NMFS). Southeast Fisheries Center. Galveston, TX, p. 138. 
Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M., 
Downs, C., Furlan, L., Gibbons, D., Giorio, C., Girolami, V., Goulson, D., 
Kreutzweiser, D.P., Krupke, C., Liess, M., Long, E., McField, M., Mineau, P., 
Mitchell, E.A., Morrissey, C., Noome, D.A., Pisa, L., Settele, J., Stark, J.D., 
Tapparo, A., Van Dyck, H., Van Praagh, J., Van der Sluijs, J.P., Whitehorn, P.R., 
Wiemers, M., 2015. Systemic insecticides (neonicotinoids and fipronil): trends, 
uses, mode of action and metabolites. Environ. Sci. Pollut. Res. 22, 5–34. 
Sneck-Fahrer, D.A., East, J.W., 2007. Water-quality, sediment-quality, stream-habitat, 
and biological data for Mustang Bayou near Houston, Texas, 2004–05. U.S. 
Geological Survey, p. 90. 
Snyder, M.J., Mulder, M.J., 2001. Environmental endocrine disruption in decapod 
crustacean larvae: hormone titers, cytochrome P450, and stress protein responses to 
heptachlor exposure. Aquat. Toxicol. 55, 177–190. 
 113 
 
Stark, J.D., Vargas, R.I., 2005. Toxicity and hazard assessment of fipronil to Daphnia 
pulex. Ecotoxicol. Environ. Saf. 62, 11-16. 
Starner, K., Goh, K.S., 2012. Detections of the neonicotinoid insecticide imidacloprid in 
surface waters of three agricultural regions of California, USA, 2010-2011. Bull. 
Environ. Contam. Toxicol. 88, 316-321. 
Stevenson, D.E., Baumann, P., Jackman, J.A., 1997. Pesticide properties that affect 
water quality. In: Service, T.A.E. (Ed.). The Texas A&M University System, 
College Station, Texas, p. 16. 
Stokstad, E., 2018. European Union expands ban of three neonicotinoid pesticides. 
Science. Available at: https://www.sciencemag.org/news/2018/04/european-union-
expands-ban-three-neonicotinoid-pesticides2018 
Stone, W.W., Gilliom, R.J., Ryberg, K.R., 2014. Pesticides in U.S. streams and rivers: 
occurrence and trends during 1992-2011. Environ. Sci. Technol. 48, 11025-11030. 
Stoughton, S.J., Liber, K., Culp, J., Cessna, A., 2008. Acute and chronic toxicity of 
imidacloprid to the aquatic invertebrates Chironomus tentans and Hyalella azteca 
under constant- and pulse-exposure conditions. Arch. Environ. Contam. Toxicol. 
54, 662-673. 
Stratman, K.N., Wilson, P.C., Overholt, W.A., Cuda, J.P., Netherland, M.D., 2013. 
Toxicity of fipronil to the midge, Cricotopus lebetis Sublette. J. Toxicol. Environ. 
Health, Part A 76, 716-722. 
Tano, Z.J., 2011. Ecological effects of pesticides. In: Stoytcheva, M. (Ed.), Pesticides in 
the Modern World - Risks and Benefits. inTech, pp. 129-143. 
 114 
 
Tingle, C.C.D., Rother, J.A., Dewhurst, C.F., Lauer, S., King, R.P., 2003. Fipronil: 
environmental fate, ecotoxicology, and human health concerns. Rev. Environ. 
Contam. Toxicol. 176, 1-66. 
Tisler, T., Jemec, A., Mozetic, B., Trebse, P., 2009. Hazard identification of 
imidacloprid to aquatic environment. Chemosphere 76, 907-914. 
Troiano, J., Tafarella, B., Kolosovich, A., Cameron, R., Alder, D., Darling, R., 2018. 
California Neonicotinoid Risk Determination. Sacramento, California 95812, p. 
1173. 
Tu, H.T., Silvestre, F., Phuong, N.T., Kestemont, P., 2010. Effects of pesticides and 
antibiotics on penaeid shrimp with special emphases on behavioral and biomarker 
responses. Environ. Toxicol. Chem. 29, 929-938. 
USEPA, 1996a. Fipronil: environmental assessment, current for the turf registration. 
United States Environmental Protection Agency. Office of Prevention, Pesticides 
and Toxic Substances. Washington DC. USA, p. 20. 
USEPA, 1996b. New pesticide fact sheet: fipronil. United States Environmental 
Protection Agency. Office of Prevention, Pesticides and Toxic Substances. 
Washington DC. USA, p. 10. 
USEPA, 2002. Methods for measuring the acute toxicity of effluents and receiving 
waters to freshwater and marine organisms. United States Environmental 
Protection Agency. Office of Water, Washington DC. USA, p. 275. 
USEPA, 2007. Fipronil environmental fate and ecological effects assessment and 
characterization for section 18 registration of in-furrow applications to rutabaga 
 115 
 
and turnips. United States Environmental Protection Agency. Environmental Fate 
and Effects Division, Washington DC. USA, p. 72. 
USEPA, 2016. Exemption of fipronil use in Texas. United States Environmental 
Protection Agency. Office of Chemical Safety and Pollution Prevention, 
Washington DC. USA, p. 2. 
USEPA, 2017. Aquatic life benchmarks for pesticide registration. United States 
Environmental Protection Agency, Washington, DC. Available at: 
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/aquatic-life-
benchmarks-and-ecological-risk. 
USEPA, 2019. Aquatic Life Benchmarks and Ecological Risk Assessments for 
Registered Pesticides. United States Environmental Protection Agency. Available 
at: https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/aquatic-
life-benchmarks-and-ecological-risk. 
USGS, 2003. Fipronil and degradation products in the rice-producing areas of the 
Mermentau River Basin, Louisiana, February–September 2000. U.S. Geological 
Survey, p. 6. 
Van Dijk, T.C., Van Staalduinen, M.A., Van der Sluijs, J.P., 2013. Macro-invertebrate 
decline in surface water polluted with imidacloprid. PloS one 8, 10. 
Volz, D.C., Wirth, E.F., Fulton, M.H., Scott, G.I., Strozier, E., Block, D.S., Ferry, J.L., 
Walse, S.S., Chandler, G.T., 2003. Effects of fipronil and chlorpyrifos on 
endocrine-related endpoints in female grass shrimp (Palaemonetes pugio). Bull. 
Environ. Contam. Toxicol. 71, 497-503. 
 116 
 
Weis, J.S., Cristini, A., Rao, K.R., 1992. Effects of pollutants on molting and 
regeneration in crustacea. Amer. Zool. 32, 495-500. 
Wenner, E.L., Knott, D.M., Barans, C.A., Wilde, S., Blanton, J.O., Amft, J., 2005. Key 
factors influencing transport of white shrimp (Litopenaeus setiferus) post-larvae 
into the Ossabaw Sound system, Georgia, USA. Fish. Oceanogr. 14, 175–194. 
Weston, D.P., Chen, D., Lydy, M.J., 2015. Stormwater-related transport of the 
insecticides bifenthrin, fipronil, imidacloprid, and chlorpyrifos into a tidal wetland, 
San Francisco Bay, California. Sci. Total. Environ. 527-528, 18-25. 
Whitehorn, P.R., O’Connor, S., Wackers, F.L., Goulson, D., 2012. Neonicotinoid 
pesticide reduces bumble bee colony growth and queen production. Science 336, 
351-352. 
Willming, M.M., Qin, G., Maul, J.D., 2013. Effects of environmentally realistic daily 
temperature variation on pesticide toxicity to aquatic invertebrates. Environ. 
Toxicol. Chem. 32, 2738-2745. 
Wirth, E.F., Pennington, P.L., Lawton, J.C., DeLorenzo, M.E., Bearden, D., Shaddrix, 
B., Sivertsen, S., Fulton, M.H., 2004. The effects of the contemporary-use 
insecticide (fipronil) in an estuarine mesocosm. Environ. Pollut. 131, 365-371. 
Wong, C.K., Cheung, J.K.Y., Chu, K.H., 1995. Effects of copper on survival, 
development and growth of Metapenaeus ensis Larvae and postlarvae (Decapoda: 
Penaeidae). Mar. Pollut. Bull. 31, 416-419. 
Wu, B., Xia, S., Rahman, M.M., Rajkumar, M., Fu, Z., Tan, J., Yang, A., 2015. 
Substituting seaweed with corn leaf in diet of sea cucumber (Apostichopus 
 117 
 
japonicus): Effects on growth, feed conversion ratio and feed digestibility. 
Aquaculture 444, 88-92. 
Wu, H., Gao, C., Guo, Y., Zhang, Y., Zhang, J., Ma, E., 2014. Acute toxicity and 
sublethal effects of fipronil on detoxification enzymes in juvenile zebrafish (Danio 
rerio). Pestic. Biochem. Physiol. 115, 9-14. 
Yang, J., Chen, L., Lee, Y., Chen, H., 2008. Effects of fipronil on freshwater shrimp 
(Caridina japonica): Acute toxicity and acetylcholinesterase activity. Environ. Sci. 
Ind. J. 3, 177-180. 
Zein-Eldin, Z.P., Aldrich, D.V., 1965. Growth and Survival of Postlarval Penaeus 
aztecus under Controlled Conditions of Temperature and Salinity. Biol. Bull. 129, 
199-216. 
118 
 
APPENDIX A 
SUPPLEMENTAL TABLES 
 
Supplementary Table A1. Fipronil concentrations observed in the aquatic environment, year, and the place of the survey. 
* 
U.S. 
Geological Survey, Baton Rouge, LA, USA, unpublished data. 
 
Detected concentrations of fipronil in 
environment (µg/L) 
Year of the survey State/Country Reference 
0.0006 - 0.0086 2002 - 2004 Florida, U.S.A (Harman-Fetcho et al., 2005) 
0.004 -6.41 2006 Louisiana, U.S.A (Mize et al., 2008) 
0.007 - 6.0 1992 - 2001 U.S.A (Gilliom et al., 2006) 
0.0145 - 0.0274 2014 California, U.S.A (Weston et al., 2015) 
0.03 2004 - 2005 Texas, U.S.A (Sneck-Fahrer and East, 2007) 
0.3 - 0.8 * 1999 - 2001 Louisiana, U.S.A (Chandler et al., 2004) 
0.01 - 4.2 2007 - 2008 California, U.S.A (Greenberg et al., 2010) 
0.28 - 2.11 2008 - 2011 California, U.S.A (Ensminger et al., 2013) 
0.829 - 5.29 2000 Louisiana, U.S.A (USGS, 2003) 
1.0 2010 - 2011 Tsukuba, Japan (Hayasaka et al., 2012b) 
0.0018 - 10.004 2006 - 2008 California, U.S.A (Gan et al., 2012) 
0.09 - 10.004 2003-2012 California, U.S.A (Ruby, 2013) 
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Supplementary Table A2. Dilutions of all nominal fipronil concentrations used in the experiment. For steps 1 and 2, I used 2 flasks of 
1000 ml and magnetic stirrer to assure the fully homogenize of the experimental solutions.  
 
Fipronil concentration 
µg/L 
Dilution steps 
Step 1 Step 2 
Step 3 
100 mg/L Fipronil 
suspension 
1 mg/L Fipronil  
solution 
0.1 
Mix 0.1 g of fipronil powder 
in 1000 ml of brackish water 
Mix 10 ml of 100 mg/L 
fipronil suspension in 
990 ml of brackish water 
Mix 2.1 ml of 1 mg/L fipronil 
solution in (21,000 ml – 2.1 ml) 
of water 
1.0 
Mix 21 ml of 1 mg/L fipronil 
solution in (21,000 ml – 21 ml) 
of water 
3.0 
Mix 63 ml of 1 mg/L fipronil 
solution in (21,000 ml – 63 ml) 
of water 
6.4 
Mix 134.4 ml of 1 mg/L fipronil 
solution in (21,000 ml – 134.4 
ml) of water 
10.0 
Mix 210 ml of 1 mg/L fipronil 
solution in (21,000 ml – 210 ml) 
of water  
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Supplementary Table A3. Dilution procedures for all nominal fipronil concentrations used in the experiment. For steps 1 and 2, magnetic 
stirrer was used to homogenize the mixture.  
 
Fipronil 
concentration 
µg/L 
Dilution steps 
Step 1 Step 2 
Step 3 
100 mg/L Fipronil 
suspension 
0.1 mg/L Fipronil  
solution 
0.005 
Mix 0.1 g of fipronil 
powder in 1000 ml of 
brackish water 
Mix 1.0 ml of 100 
mg/L fipronil 
suspension in 999 ml 
of brackish water 
Mix 10 ml of 0.1 mg/L fipronil solution in 990 ml of water to 
make 1.0 µg/L fipronil solution, then mix 105 ml of 1.0 µg/L 
fipronil in (21,000 ml – 105 ml) of water 
0.01 
Mix 10 ml of 0.1 mg/L fipronil solution in 990 ml of water to 
make 1.0 µg/L fipronil solution, then mix 210 ml of 1.0 µg/L 
fipronil in (21,000 ml – 210 ml) of water 
0.1 Mix 21 ml of 0.1 mg/L fipronil solution in (21,000 ml – 21 ml) 
of water 
1.0 Mix 210 ml of 0.1 mg/L fipronil solution in (21,000 ml – 210 
ml) of water 
3.0 Mix 630 ml of 0.1 mg/L fipronil solution in (21,000 ml – 630 
ml) of water 
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Supplementary Table A4. Dilution procedures for all nominal imidacloprid concentrations used in the experiment. For steps 1 and 2, 
magnetic stirrer was used to homogenize the mixture. 
 
Imidacloprid 
concentration 
µg/L 
Dilution steps 
Step 1 Step 2 
Step 3 
10 mg/L Imidacloprid 
solution 
1000µg/L Imidacloprid 
solution 
0.5 
Mix 0.01 g of 
Imidacloprid powder in 
1000 ml of brackish 
water 
Mix 100 ml of 10 mg/L 
Imidacloprid 
solution in 900 ml of 
brackish water 
Mix 10.5 ml of 1000 µg/L Imidacloprid 
solution in (21,000 ml – 10.5 ml) of water 
1.0 Mix 21 ml of 1000 µg/L Imidacloprid 
solution in (21,000 ml – 21 ml) of water 
15.0 Mix 315 ml of 1000 µg/L Imidacloprid 
solution in (21,000 ml – 315 ml) of water 
34.5 Mix 724.5 ml of 1000 µg/L Imidacloprid 
solution in (21,000 ml – 724.5 ml) of water 
320.0 Mix 67.2 ml of 10mg/L Imidacloprid 
solution in (21,000 ml – 67.2 ml) of water 
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Supplementary Table A5. Initial weight (g), final weight (g), and percent weight gain (mean ± standard deviation) of juvenile shrimp 
under different concentrations of fipronil. n = number of shrimp in each treatment at the measurement time. Values were calculated based 
on the wet weight per individual shrimp. Means in columns not sharing the same letter are significantly different (ANOVA, P ˂ 0.05). 
 
Fipronil 
concentration 
(µg/L) 
Initial weight (g) n Final weight (g) n % Weight gain 
 Control 
0.58 ± 0.04 
a 
18 
1.31 ± 0.07 
a 
18 
125.92 ± 28.42 
a 
0.005 
0.59 ± 0.03 
a 
18 
1.30 ± 0.03 
a 
18 
120.17 ± 15.16 
a 
0.01 
0.56 ± 0.04 
a 
18 
1.13 ± 0.1 
b 
13 
104.18 ± 28.62 
ab 
0.1 
0.58 
a 
18 
1.02 ± 0.12 
b 
6 
77.007 ± 21.83 
b 
1.0 
0.58 ± 0.08 
a 
18 0 0 0 
3.0 
0.58 ± 0.04 
a 
18 0 0 0 
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Supplementary Table A6. Initial weight (g), final weight (g), and percent weight gain (mean ± standard deviation) of juvenile shrimp 
under different concentrations of imidacloprid. n = number of shrimp in each treatment at the measurement time. Values were calculated 
based on the wet weight per individual shrimp. Means in columns not sharing the same letter are significantly different (ANOVA, P ˂ 
0.05). 
 
Imidacloprid 
concentrations 
(µg/L) 
Initial weight (g) n Final weight (g) n % Weight gain 
 Control 
0.81 ± 0.03 
a 
15 
1.95 ± 0.12 
a 
15 
140.3 ± 16.15 
a 
0.5 
0.84 ± 0.11 
a 
15 
1.87 ± 0.13 
ab 
14 
126.89 ± 46.88 
a 
1.0 
0.81 ± 0.03 
a 
15 
1.65 ± 0.18 
b 
13 
103.39 ± 27.92 
ab 
15.0 
0.80 ± 0.06 
a 
15 
1.31 ± 0.12 
c 
10 
64.40 ± 17.14 
bc 
34.5 
0.84 ± 0.06 
a 
15 
1.21 ± 0.05 
cd 
6 
44.01 ± 12.09 
c 
320.0 
0.80 ± 0.09 
a 
15 
1.04 ± 0.13 
d 
5 
29.48 ± 16.43 
c 
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Supplementary Table A7. Length (cm) of juvenile shrimp (mean ± standard deviation) exposed to fipronil over five weeks. n = number 
of shrimp in each treatment. Means in columns not sharing the same letter are significantly different (ANOVA, P ˂ 0.05). 
 
Fipronil 
concentrations 
(µg/L) 
Initial length  
(cm) 
Length week 1 
(cm) 
Length week 2 
(cm) 
Length week 3 
(cm) 
Length week 4 
(cm) 
Length week 5 
(cm) 
 
Control 
 
4.46 ± 0.09 (n = 18) 
a 
4.84 ± 0.09 (n = 18) 
a 
5.25 ± 0.05 (n = 18) 
a 
5.62 ± 0.05 (n = 18) 
a 
5.98 ± 0.12 (n = 18) 
a 
6.32 ± 0.10 (n = 18) 
a 
 
0.005 
 
4.44 ± 0.01 (n = 18) 
a 
4.79 ± 0.02 (n = 18) 
ab 
5.07 ± 0.07 (n = 18) 
a 
5.50 ± 0.04 (n = 18) 
ab 
5.91 ± 0.05 (n = 18) 
ab 
6.32 ± 0.03 (n = 18) 
a 
 
0.01 
 
4.38 ± 0.11 (n = 18) 
a 
4.64 ± 0.15 (n = 14) 
bc 
5.02 ± 0.18 (n = 14) 
a 
5.27 ± 0.08 (n = 13) 
bc 
5.69 ± 0.13 (n = 13) 
bc 
5.99 ± 0.16 (n = 13) 
ab 
 
0.1 
 
4.43 ± 0.03 (n = 18) 
a 
4.58 ± 0.10 (n = 8) 
c 
4.63 ± 0.24 (n = 6) 
b 
5.05 ± 0.25 (n = 6) 
c 
5.49 ± 0.18 (n = 6) 
c 
5.87 ± 0.33 (n = 6) 
b 
 
1.0 
 
4.37 ± 0.15 (n = 18) 
a 
/ / / / / 
 
3.0 
 
4.39 ± 0.07 (n = 18) 
a 
/ / / / / 
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Supplementary Table A8. Length (cm) of juvenile shrimp (mean ± standard deviation) exposed to imidacloprid over five weeks. n = 
number of shrimp in each treatment. Means in columns not sharing the same letter are significantly different (ANOVA, P ˂ 0.05). 
 
Imidacloprid 
concentrations 
(µg/L) 
Initial length  
(cm) 
Length week 1 
(cm) 
Length week 2 
(cm) 
Length week 3 
(cm) 
Length week 4 
(cm) 
Length week 5 
(cm) 
 
Control 
 
5.28 ± 0.1 (n = 15) 
a 
5.83 ± 0.09 (n = 15) 
a 
6.22 ± 0.09 (n = 15) 
a 
6.57 ± 0.09 (n = 15) 
a 
6.92 ± 0.17 (n = 15) 
a 
7.07 ± 0.12(n = 15) 
a 
 
0.5 
 
5.32 ± 0.09(n = 15) 
a 
5.8 ± 0.21(n = 15) 
a 
6.17 ± 0.2(n = 14) 
ab 
6.55 ± 0.22(n = 14) 
a 
6.77 ± 0.2(n = 14) 
ab 
6.96 ± 0.18(n = 14) 
a 
 
1.0 
 
5.33 ± 0.15(n = 15) 
a 
5.67 ± 0.13(n = 14) 
a 
5.92 ± 0.26(n = 14) 
abc 
6.28 ± 0.27(n = 14) 
a 
6.48 ± 0.31(n = 14) 
bc 
6.72 ± 0.24(n = 13) 
a 
 
15.0 
 
5.28 ± 0.21(n = 15) 
a 
5.59 ± 0.15(n = 15) 
a 
5.79 ± 0.18(n = 15) 
bc 
5.86 ± 0.24(n = 15) 
b 
6.12 ± 0.2(n = 11) 
cd 
6.25 ± 0.24(n = 10) 
b 
 
34.5 
 
5.38 ± 0.11(n = 15) 
a 
5.52 ± 0.09(n = 15) 
a 
5.58 ± 0.13(n = 15) 
c 
5.7 ± 0.08(n = 11) 
b 
5.79 ± 0.11(n = 9) 
d 
5.98 ±  0.05(n = 6) 
b 
 
320.0 
 
5.29 ± 0.2(n = 15) 
a 
5.63 ± 0.29(n = 15) 
a 
5.66 ± 0.35(n = 15) 
c 
5.82 ± 0.32(n = 12) 
b 
5.97 ± 0.31(n = 9) 
d 
5.91 ± 0.23(n = 5) 
b 
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Supplementary Table A9. Percentage of live individuals (mean ± standard deviation) of juvenile shrimp in fipronil experiment starting 
from day1 to the end of the experiment. n = number of shrimp individuals in each treatment (6 shrimp per replicate aquarium, 3 aquariums 
per treatment). Values with star (*) indicate treatment is significantly different from the control (P ˂ 0.0001 - 0.004).  
  
Fipronil 
concentrations 
(µg/L) 
n 
Survival % 
Day 1 Week 1 Week 2 Week 3 Week 4 Week 5 
Control 18 100 100 100 100 100 100 
0.005 18 100 100 100 100 100 100 
0.01 18 100 77.77 ± 9.62 77.77* ± 9.62 72.21* ± 9.62 72.21* ± 9.62 72.21* ± 9.62 
0.1 18 100 44.44* ± 34.69 33.33* ± 16.67 33.33* ± 16.67 33.33* ± 16.67 33.33* ± 16.67 
1.0 18 100 0 0 0 0 0 
3.0 18 100 0 0 0 0 0 
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Supplementary Table A10. Percentage of live individuals (mean ± standard deviation) of juvenile shrimp in imidacloprid experiment 
starting from day1 to the end of the experiment. n = number of shrimp individuals in each treatment (5 shrimp per replicate aquarium, 3 
aquariums per treatment). Values with star (*) indicate treatment is significantly different from the control (P ˂ 0.0001 - 0.039). 
 
Imidacloprid 
concentrations 
(µg/L)
 
n
 
Survival % 
Day 1 Week 1 Week 2 Week 3 Week 4 Week 5 
Control 15 100 100 100 100 100 100 
0.5 15 100 100 93.33 ± 11.54 93.33 ± 11.54 93.33 ± 11.54 93.33 ± 11.54 
1.0 15 100 93.33 ± 11.54 93.33 ± 11.54 93.33 ± 11.54 93.33 ± 11.54 86.66 ± 11.54 
15.0 15 100 100 100 100 73.33 ± 23.09 66.66 * ± 30.55 
34.5 15 100 100 100 73.33 * ± 23.09 60.0 * ± 20.0 40.0 * 
320.0 15 100 100 100 80.0 ± 20.0 60.0 * ± 34.64 33.33 * ± 11.54 
 
 
 
 
 128 
 
Supplementary Table A11. Water quality parameters of shrimp aquariums during 34 days of fipronil experiment. Values are Mean ± 
standard deviation for each parameter of all fipronil concentrations. Treatment 1.0 µg/L has no standard deviation because the number of 
aquariums was reduced to 1 due to deaths of shrimp during first days of the experiment. Treatment 3.0 µg/L has no water quality 
parameters because all shrimp died during the first day of the exposure. 
 
 
Fipronil concentrations  
(µg/L) 
 
Water quality parameters 
Temp. °C DO mg/L Salinity ‰ pH 
 
Control 
 
24.24 ± 0.18 5.32 ± 0.59 15.16 ± 0.37 7.90 ± 0.17 
 
0.005 
 
24.08 ± 0.16 5.67 ± 0.27 14.95 ± 0.78 8.02 ± 0.13 
 
0.01 
 
24.07 ± 0.19 5.56 ± 0.49 15.12 ± 0.42 8.02 ± 0.12 
 
0.1 
 
24.14 ± 0.15 6.08 ± 0.25 15.14 ± 0.39 8.07 ± 0.12 
 
1.0 
 
24.10 6.5 14.77 8.07 
 
3.0 
 
/ / / / 
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Supplementary Table A12. Water quality parameters of shrimp aquariums during 36 days of imidacloprid experiment. Values are Mean 
± standard deviation for each parameter of all imidacloprid concentrations. 
 
 
Imidacloprid 
concentrations  
(µg/L) 
 
Water quality parameters 
Temp. °C DO mg/L Salinity ‰ pH 
 
Control 
 
24.34 ± 0.19 a 5.86 ± 0.52 15.51 ± 0.34 8.08 ± 0.09 
 
0.5 
 
24.4 ± 0.15 5.9 ± 0.29 15.36 ± 0.12 8.10 ± 0.05 
 
1.0 
 
24.32 ± 0.16 5.8 ± 0.26 15.39 ± 0.15 8.12 ± 0.04 
 
15.0 
 
24.34 ± 0.11 5.94 ± 0.75 15.60 ± 0.12 8.20 ± 0.04 
 
34.5 
 
24.34 ± 0.16 5.8 ± 0.26 15.53 ± 0.14 8.19 ± 0.06 
 
320.0 
 
24.3 ± 0.12 5.96 ± 0.48 15.49 ± 0.11 8.22 ± 0.07 
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Supplementary Table A13. Dilution procedures for the nominal concentrations of fipronil used in the experiment. Magnetic stirrer was 
used to homogenize the mixture in steps 1 and 2.   
 
Fipronil 
concentration 
µg/L 
Dilution steps 
Step 1 Step 2 
Step 3 
100 mg/L Fipronil 
suspension 
0.1 mg/L Fipronil 
solution 
0.005 
Mix 0.1 g of fipronil 
powder in 1000 ml of 
brackish water 
Mix 1.0 ml of 100 
mg/L fipronil 
suspension in 999 ml 
of brackish water 
Mix 10 ml of 0.1 mg/L fipronil solution in 990 ml of water to 
make 1.0 µg/L fipronil solution, then mix 70 ml of 1.0 µg/L 
fipronil in (14,000 ml – 70 ml) of water 
0.01 
Mix 10 ml of 0.1 mg/L fipronil solution in 990 ml of water to 
make 1.0 µg/L fipronil solution, then mix 140 ml of 1.0 µg/L 
fipronil in (14,000 ml – 140 ml) of water 
0.1 Mix 14 ml of 0.1 mg/L fipronil solution in  
(14,000 ml –14 ml) of water 
1.0 Mix 140 ml of 0.1 mg/L fipronil solution in  
(14,000 ml – 140 ml) of water 
3.0 Mix 420 ml of 0.1 mg/L fipronil solution in  
(14,000 ml – 420 ml) of water 
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Supplementary Table A14. Water quality parameters of shrimp aquariums during 45 days of the experiment. Values are Mean ± standard 
deviation.  
 
 
 
Fipronil concentrations  
(µg/L) 
 
Water quality parameters 
Temp. °C DO mg/L Salinity ‰ pH 
 
Control 
 
21.22 ± 0.44 5.39 ± 0.29 15.08 ± 0.23 8.09 ± 0.25 
 
0.005 
 
21.25 ± 0.17 5.36 ± 0.26 15.17 ± 0.39 8.18 ± 0.33 
 
0.01 
 
21.08 ± 0.22 5.49 ± 0.25 15.21 ± 0.18 8.23 ± 0.29 
 
0.1 
 
20.96 ± 0.25 5.28 ± 0.18 15.19 ± 0.30 8.25 ± 0.30 
 
1.0 
 
20.92 ± 0.33 5.63 ± 0.52 15.18 ± 0.22 8.27 ± 0.34 
 
3.0 
 
20.95 ± 0.29 5.81 ± 0.35 15.12 ± 0.23 8.28 ± 0.37 
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Supplementary Table A15. Initial weight (g), final weight (g), and % weight gain (mean ± standard deviation) of juvenile white shrimp 
exposed to different concentrations of fipronil. n = number of replicates in each treatment. All values were calculated based on the wet 
weight per individual shrimp. Values with star (*) indicate treatment is significantly different from the control (ANOVA, P < 0.05). All 
shrimp in treatment 3.0 µg/L died before reaching the final day of the experiment (day 45), thus no final weight or % weight gain 
calculated for this treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fipronil concentrations 
(µg/L) 
Initial weight (g) Final weight (g) % Weight gain 
 Control 0.78 ± 0.02 (n = 2) 1.19 ± 0.01 (n = 2) 51.62 ± 2.29 (n = 2) 
0.005 0.70 ± 0.02 (n = 2) 0.99 ± 0.007 (n = 2) 41.21* ± 5.25 (n = 2) 
0.01 0.76 ± 0.10 (n = 2)  1.02 ± 0.16 (n = 2) 33.79* ± 2.70 (n = 2) 
0.1 0.83 ± 0.03 (n = 2) 0.98 ± 0.04 (n = 2) 17.36* ± 0.11 (n = 2) 
1.0 0.78 ± 0.007 (n = 2) 0.38* ± 0.53 (n = 1) -2.56* (n = 1) 
3.0 0.93 ± 0.04 (n = 2)   
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APPENDIX B 
SUPPLEMENTAL FIGURES 
 
 
 
Supplementary Figure B1. Acclimation tanks and experimental system used for juvenile F. 
aztecus laboratory experiments: (a) large tanks used for water temperature equilibration and 
shrimp acclimation before starting the trials; (b) procedure used for moving shrimp to tanks of 
prepared brackish water for acclimation to laboratory conditions; (c) experimental system, glass 
aquariums covered with aluminum foil sheets and glass lids; (d) aquariums divided into six 
separate cells.  
 
 
 
 
 
 134 
 
 
 
Supplementary Figure B2. Probit analysis used to calculate the 96-h LC50 of fipronil. The 
horizontal axis represents the probit as independent variable while the vertical axis represents the 
log concentration as dependent variables. Dashed lines show the 95% confidence intervals of the 
LC50 toxicity test calculated using the parametric bootstrap method.  
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Supplementary Figure B3. Linear regression of lipids % of shrimp bodies measured under 
different concentrations of fipronil. The horizontal axis represents the square root of fipronil 
concentrations (µg/L), and the vertical axis represents the lipid % in bodies of juvenile shrimp 
measured at the end of the experiment (n = 2 samples analyzed from each treatment). Linear 
regression analysis (P = 0.0017) indicated that lipid % increased significantly with increasing 
concentration of fipronil. 
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Supplementary Figure B4. Experimental system and the aquariums used in the experiments: (a) 
experimental system consists of 12 glass aquarium covered from the top with fiberglass screen 
and glass lid; (b) barriers of polypropylene plates and fiberglass screen used to divide the 
aquarium; (c) total length of shrimp measured every week during the experiments. 
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Supplementary Figure B5. Lethal concentration of fipronil to reach 50% mortality of shrimp 
within 96 hours (96-h LC50) of the juvenile brown shrimp. 
 
 
 
 
 
 
 
 
